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PREFACE
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PART 1:
SYSTEM
DESCRIPTIONS



INTRODUCTION

One of the basic problems confronting the attainment of intercity high
speed ground transportation systems, particularly through urban areas,
and fulfillment of the needs for urban mass transportation systems is the
high cost and time required for tunneling. ' '

Considerable effort is underway to advance the technology of excavation
which can result in significant increases in the rate of advance of the
tunnel face. As the rate of excavation increases, the rate of construction
of the earth support system in the working area must be increased; and
as the rate of face advance and/or diameter of the tunnel increases, the
quantity of muck which must be removed from the tunnel increases. If
the advancement of the technology of these operations does not keep pace
with advances in excavation, either muck removal or earth support con-
struction can become the limiting constraint on the forward movement of
the tunnel face. One of the limiting factors in the rate of construction of
the earth support system is the transport of construction materials and
supplies to the working area.

It is, therefore, imperative that a systematic effort be directed to the
improvement of methods of materials handling for tunneling operations if
continuing improvement in the rate of tunneling is to be achieved. This
report represents the results of the first step in this systematic approach.
It provides

] An overview of the tunneling process viewed as an integrated
system. -

° Identification of the quantities and characteristics of all mate-
rials which must be transported by the material handling
system.

e Identification of other functional requirements imposed on the
material handling system.

. Identification of candidate transportv modes to meet the materials
handling requirements, with evaluation of the strengths and
weaknesses of each mode.



° Computerized parametric models to generate cost/performance
data for transport modes and integrated material handling sys-
tems, suitable for continuing evaluation of the advancing tech-
nology of tunnel materials handling.

e A generalized evaluation of material transport modes in a
tunnel environment.

° Identification of areas related to each transport mode for bene-
ficial application of research and development resources.

This study was conducted to identify the material handling requirements
of the future, the material handling concepts which offer the best potential
for meeting these requirements, and the developments which must take
place to achieve practical systems. The study emphasizes the compara-
tive evaluation of existing and projected long-haul transport systems for
haulage of those materials which must be continuously provided to or
removed from the near-face zone to support rates of excavation far
beyond those achieved with present technology. The tunnel configurations
considered are those anticipated for tunnel projects of the future to con-
struct very long tunnels for deep underground transportation systems..

The report is divided into four major parts. Part 1, Systems Descriptions,
reviews a typical tunneling project in Chapter 1 and presents the tunneling
process as a total, highly interrelated system. Chapter 2 discusses the
interrelationship of the various transport modes which are discussed in.
greater detail in Chapfers 3 and 4 and combined into typical integrated
system concepts in Chapter 5.

Part 2, Logistic Requirements, discusses the flow characteristics of
in-bound and out-bound materials and summarizes the quantities of the
major materials in Chapter 6. Chapter 7 discusses the characteristics
of muck and a possible approach to the development of a muck character-
ization index. Ground support materials and materials for extension of
all systems are described in detail in Chapters 8 and 9. Personnel and
other intermittently required materials and equipment are described in
Chapters 10 and 11. '

Part 3, Systems Analysis, includes in Chapter 12 an outline of the
approach used for the analysis, a material handling system life-cycle
scenario for a typical tunneling project, and definition of the life-cycle
cost elements. Appendix 3B includes discussion of the development of
cost/performance models and detailed analysis for the various transport
modes.



The results of these analyses are compared in Chapter 13. The
integrated system model including all life-cycle cost elements is
described in Chapter 14 and the cost estimating relationships used in
the model are summarized in Appendix 3A. A comparative evaluation
of selected integrated systems is presented in Chapter 15.

Part 4 discusses research and development needs identified on the basis
of the background material developed in Parts 1 and 2, and the results of
the analyses in Part 3.



SUMMARY

PART 1 - SYSTEM DESCRIPTIONS

Chapter 1 - The Tunnel Project

A large-scale tunneling project is described as a total system consisting
of four highly interrelated major functions; excavation, ground support,
project support, and materials handling. Cu,rrent»pract'ice related to
each of these functions is reviewed briefly and the major elements of
each function are displayed as a project systems hierarchy. Factors
affecting the materials handling problem, due to the geometry of the tun-
nel complex, are identified and the various material handling situations
which may be encountered are discussed.

Chapter 2 - Material Handling'System's

The functional requirements of the material handling system and the
types of materials to be transported are summarized. The material
handling system of concern is defihed as the hardware system required
to transport all substance (not carried by independent service lines) that
move between the surface support area and the underground work zones.
Major emphasis is given to the long-haul transport of those materials
which must flow continuously between the end points of the system.
Candidate transport modes are grouped by functional type into a hierarchy
of transport systems, the characteristics of system types are discussed,
and a comparison is made between continuous flow systems and unitized
systems. Auxiliary equipment such as loaders, transfer equipment
unloaders, and processors is discussed briefly.

Chapter 3 - Continuous Flow Systems

Continuous flow systems include conveyors and hydraulic and pneumatic
pipelines. The characteristics, state of development, strengths, and
weaknesses of each of these transport modes are discussed in detail.

Chapter 4 - Unitized Transport Systems

Unitized systems include locomotive driven, side-wheel driven, and cable
driven conventional rail systems, siderail systems, monorail systems,
hoists, and truck systems. The general characteristics of these systems,
the characteristics, state of development, strengths. and weaknesses of
each of these transport modes are discussed in detail. -



Chapter 5 - Integrated Systems

Concepts are developed for typical integrated systems to meet the
requirements for transport of inbound and outbound materials in hori-
zontal, inclined, and vertical attitudes. Sketches are developed to illus-
trate relationships and space problems in the shaft station and near-face
zone.

PART 2 - LOGISTIC REQUIREMENTS

Chapter 6 - Flow and Quantity of Materials

The flow characteristics of inbound and outbound materials and the impact
on material transport systems are discussed. Speed of material flow,
constraints on flow due to environmental factors, attitudes of movement,
requirement for intermode transfer, congestion, queuing, transport loops,
and variations in material flow are considered. A summary of material
characteristics and tabular and graphical summaries of the major mate-
rial quantities are included.

Chapter 7 - Muck Characteristics

Underground conditions anticipated for deep transportation systems are
typified by the geologic and engineering conditions found in the Northeast
Corridor. Various types of muck which might be encountered with vari-
ous excavation methods are identified and interrelated to engineering
properties. Muck relationships to the rock quality designation (RQD),
hardness, abrasiveness, drillability, and compressive strength are
summarized. A possible approach to development of a muck characteri-
zation index called the muckability designation number (MDN) is presented.

Chapter 8 - Ground Support Materials

The four basis methods (rock bolts, shotcrete, rib sets, and liner seg-
ments) of installed ground support are discussed and the characteristics
and quantities of materials used in each method are identified in detail.

Chapter 9 - Materials for Systems Extension

Systems which must be extended in pace with the advancing tunnel face
are the material transport system and utility service lines such as venti-
lation, compressed air, service water, ground water removal, and
electric power and light. The quantity of material reéquired per foot of
tunnel and the material flow rate for extension of these systems for
various advance rates and tunnel diameters are summarized.



Clgptér 10 - Personnel

Operation and maintenance crews which must be transported within the
tunnel complex impose a requirement on the material handling system.
Crew sizes are estimated for alternate methods of excavation, ground
support, material handling, and project support for various advance
rates and tunnel diameters. ’

Chapter 11 - Other Materials and Equipment

In addition to muck, ground support materials, materials for systems
extension, and personnel, the material transport system must carry
other materials and equipment required for excavation, for installation
of structural support for apparatus to be installed at a later date, for
installation of ground support materials, for ground stabilization, and
for other project support functions. These materials, and others not
normally carried by the material transport system but moved through
the tunnel space, are discussed.

PART 3 - SYSTEMS ANALYSIS

Chapter 12 - Systems Analysis Approach

A "life cycle scenario'" for a material handling system used in a typical
tunneling situation traces the material handling system from development
and acquisition (birth) through final salvage or discard (death) including
all life cycle cost elements. The four phases of the analysis method are
outlined and the various transport modes and integrated systems analyzed
are indicated.

Chapter 13 - Comparison of Transport Modes

The analysis of transport modes discussed in detail in Appendix 3B pro-
duced two sets of cost/performance data expressed in consistent terms
and designated specific cost. In addition, the transport mode analysis
identified the elements of equipment cost and operating cost which make
major contributions to the overall cost of the transport system. These
data provide a consistent data base in simple parametric form for com-
parison of transport modes and for input data to the analysis of integrated .
or total system concepts for material transport in particular tunneling ’
situations.



Chapter 14 - Integrated Systems Model

The integrated systems model is designed to accept cost data generated
by the system cost models for the various modes of transport selected

for horizontal and vertical transport and combine these cost data with
cost data for transport system extension, loading, and intermode trans-
fer at the shaft station. ''Integrated systems'' are ''constructed' out of
transport, extension, loading, and transfer systems by selecting a logical
combination of these functional systems. Cost estimating relationships
are developed and summarized in Appendix 3A for each material handling
functional system. Integrated system costs are obtained by summing
appropriate functional system costs for the advance rate, tunnel diameter,
configuration, construction strategy, and other factors which define the
case being studied.

Chapter 15 - Evaluation of Integrated Systems

The possible number of integrated systems and project situations is very
large. A limited number of integrated systems were evaluated, with
many of the input parameters held constant, over the following ranges:
300 to 1,500 feet/day tunnel advance rate; 10 to 40 feet tunnel diameter;
‘500 to 3,500 feet tunnel depth. Results are expressed as total materials
handling cost in dollars per linear foot of tunnel produced. The systems
models can be used to generate cost data for any other systems and situ-
ations desired.

PART 4 - RESEARCH AND DEVELOPMENT

Chapter 16 - Research and Development Needs

Based on the comparison of cost/performance for transport modes.
evaluation of integrated systems, and operating characteristics and
limitations of the candidate transport systems, specific problem areas
for beneficial application of research and development resources are
identified for each transport method appearing worthy of further
development.




CHAPTER 1

THE TUNNEL PROJECT -

Large underground excavation projects usually consist of a complex of
chambers and interconnected tunnels as seen in:

e Subway systems.

° Underground pumped storage power plants and mining
operations.

e Long runs of relatively straight tunnel for transportation
of water through mountains or for gaining access to deeply
buried ore bodies.

The magnitude of tunnel and underground excavation projects of the future
can be visualized by comparison with some of the larger projects of the
past. The Northfield Mountain underground pumped storage power project
required approximately 500, 000 cubic yards of excavation. Long tunnels
(over 10 miles) for water transportation or access to ore bodies might
require excavations of the order of 1.5 to 2 million cubic yards. ILarge
subway systems and mining operations might involve in the range of 50
million cubic yards of excavation over a period of the many years required
for full development of the project.

Some proposals which have been made for a possible solution to the problem
of high-speed ground transportation in corridors of heavy population and
industrial congestion involve the use of underground, intercity transporta-
tion systems. Candidate corridors for future application of this solution
vary in length from less than 40 miles (Washington/Baltimore) to over 400
miles (Los Angeles/San Francisco, Washington/Boston). At the upper
extreme, these projects would require between 60 and 120 million cubic
yards of excavation in a period of a few years. To complete only one
project of this magnitude in 3 years with today's best sustained tunnel
driving rates would require machines boring simultaneously under ideal
conditions at 25 to 50 headings. The large capital investment required

for excavation and construction equipment provides strong incentive to
increase the heading advance rate. High advance rates also favor lower
operating costs due to the decrease in total hours of operation, so it is
evident that very substantial savings will be realized as the advance rate
is increased. As the excavation rate increases, the rate of installation

of ground support must keep pace; and the rate of removal of muck and
supply of ground support materials must increase to meet the demands

of the excavation and construction operations.



In order to evaluate the suitability of alternate methods of material handling
and to identify the severity of material handling problems as these rates
increase, maximum rates of advance have been selected for this study well
beyond those that appear to be reasonable extrapolations of today's capa-
bility. An upper limit for the sustained average rate of face advance has
been selected at 750 feet per 24-hour day, To achieve this average,

peak rates up to 1,500 feet per day are assumed. The material handling
system must be capable of removing muck and delivering construction
materials at the peak rate, since at these rates of advance space is not
available for more than a few minutes of surge-storage capacity.

he: study is directed to the technology required for tunnel projects of the

future to construct very long tunnels deep underground which will be larger
and more complex than any tunneling projects attempted to date.

THE TUNNELING PROCESS

A hypothetical, large-scale tunneling project is shown schematically in
Figure 1-1. It consists of a number of interrelated activities taking place
at various locations in the tunnel and on the surface. The major activities
are:

] Excavation, which consists of breaking or fragmentation and
removal of in-situ rock or soil.

] Ground support installation and maintenance to assure the
safety of the tunnel,

° Transport of muck or spoil from the excavation area to a
disposal site on the surface.

° Transport of construction materials from the surface to the
point of installation or usage.

® Transport on a shift cycle of personnel to and from the work
sites within the tunnel complex.

] Provision of an environment adequate for equipment and
personnel to perform their functions.

° Maintenance of operating equipment.

e Aboveground operations required to support underground
activities.
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Although sharp distinction cannot be made between some adjacent work
areas, several zones can be identified based on the function performed or
the location in the tunnel complex. These are:

° The excavation or face zone.

° The construction or near-face zone.

[ The horizontal transport or tunnel zone.

° The transfer zone or shaft station,

° The vertical transport zone or shaft.

e The inclined transport zone (inclined shaft or inclined tunnel).
° The construction support area. '

® The dump site (muck disposal area).

Fragmentation of rock and removal from its in-situ position is performed
in the face zone which also includes gathering the muck or displaced rock
from the floor of the tunnel. All, or at least the front, of the excavating
machine or shield operates in this zone.

Immediately behind the excavation zone the broken rock or muck is loaded
onto a transport system for removal from the tunnel, and ground support
materials are installed. In addition, the material transport system must
be extended at the same rate as the advance of the excavation face. This
zone, which extends from the face zone for several hundred feet, is the
construction area or near-face zone.

Muck is removed, and construction materials, supplies, and personnel
are transported to the construction area through the horizontal transport
zone which provides the only means of access to the face and near -face
zones. The transport distance between the near-face zone and shaft
station, or portal in the case of portal access tunnels, increases as the
face advances away from the shaft or portal. In this study, the tunnel is
considered to be nearly horizontal with grades less than 3 percent.
Tunnel segments with grades greater than 3 percent are called inclines.

Large-diameter single shafts or clusters of smaller shafts are sunk to

provide access and ventilation for the tunnel both during construction and
for use of the tunnel when completed. They are usually vertical but can
be inclined. Thus, an inclined segment of the tunnel complex may serve
as a shaft or part of the tunnel depending on the use. If the incline is to
serve the primary function of the tunnel, it is an inclined tunnel; if it is

-



to provide service support to the tunnel, it is an inclined shaft. For deep
tunnels, shafts or inclined tunnel"';s‘egfiinents are the only means of access
to the tunnel, and all materials must pass through one of these access-
ways. The surface opening of a shaft is the collar; for a tunnel, it is a
portal.

When different modes are used for transport through the tunnel and lift
through the shaft, a transfer of material between modes occurs at the
juncture of the tunnel and shaft. This area, called the shaft station, is

an enlarged section of the tunnel and may extend into the tunnel zone to
provide the required work area. Materials are sometimes stored tem-
porarily in this area, and intermittently used equipment may be repaired
or stored here between periods of use. Combinations of material trans-
port modes may require processing of materials in this area. For exam-
ple, rail transport of muck from the construction area to the shaft station
followed by hydraulic lift to the surface might require particle size reduc-
tion at the shaft station prior to loading the muck into the hydraulic system.

Life support and other project support activities are required in all areas
of the tunnel complex. This includes provision of suitable ventilation,
temperature, humidity, and dust control; provision of light, potable
water and sanitary facilities; maintenance of all equipment; operational
supervision and safety of personnel; tunnel alignment; inspection, test-
ing, and assurance of the integrity of the ground support system; and
emergency operations. In addition, waste materials from various oper-.
ations and water that runs into the tunnel complex must be removed as
they accumulate.

All activities performed within the tunnel complex are severely affected
by the space limitation and single-route access provided by the tunnel
configuration. Another aspect of the tunnel process which contributes to
the complexity of operations is the requirement that all activities move
forward and keep pace with the face advance. This requires constant
repositioning of equipment and extension of supply lines and material
transport systems. The materials required to make these extensions add
to the load imposed on the material handling system. ‘

The dependence of each of the underground acitivities on all other activ-
ities is so great that lack of synchronization in performance will quickly
reduce the rate of advance to the limiting value provided by the restrict-
ing component of the system. For example, a reduction in the rate of
muck removal will soon result in a muck-bound condition slowing the
production rate of the excavation equipment. If the installation of ground
support materials falls too far behind the excavation face due to difficulty
of installation or shortage of materials, the resulting unsafe condition
would require a reduction in the rate of advance.



These constraints impose a strong requirement for careful planning and
coordination of activities if sustained high rates of advance are to be
achieved. Application of mechanization and automatic control of many
activities may be justified. '

A construction support area is normally located in the vicinity of the
shaft collar or tunnel portal. Welding, pipe, carpentry, and machine
shops are located here to provide parts for and maintenance of equipment
and materials required for tunnel driving operations. Material and
equipment storage yards are provided as well as facilities for job super-
vision. Life support and utility facilities such as blowers, compressors,
water pumps, electric generators, and cable drives are also found here.
If it is necessary to change the mode of material transport at the collar
or portal, transfer mechanisms or facilities are required. This may
.involve changing the form of the material being handled. For example, if
the muck is hydraulically lifted from the tunnel, dewatering might be
required before transport to the dump site.

The dump sites for disposal of muck and other waste may be close to the
construction support area; or they may be several miles away, depending
on the conditions at the collar or portal. Regardless of the mode used

for transport of muck to the dump site, access to the construction support
area must be provided by a mode of transportation suitable for bringing

in the construction materials, supplies, equipment, and personnel. This
requires some form of road, rail, or aerial tramway system.

Excavation

Current practice in tunneling utilizes either a cyclic or continuous excava-
tion method depending largely upon the type of material being excavated
and the tunnel configuration. The cyclic or conventional method is the
oldest and currently provides the most efficient and versatile application
of energy. Usually this method consists of a repetitive cycle consisting
of drilling, blasting, mucking, and ground support installation operations.
In loose or running ground, or where a mixed face is encountered, hand
excavation with special techniques such as forepoling, heading and bench,
or shield excavation may be required. The rate of muck production by
the drill and blast method or hand operations is low compared to future
requirements, since advance rates exceeding 50 feet per day are seldom
achieved. Although it is not expected that these methods will produce
advance rates in excess of 150 feet per day due to the cyclic nature and
difficulty of automating the operations, a major breakthrough in drill and
blast technology might result in higher advance rates. Simultaneous
drilling of multiple blast holes, automatic loading of explosive charges,
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protection of personnel and equipment by blast shields, and simultaneous

loading of muck and installation of ground support have been used or pro- !
posed to increase the rate of advance; but, the inherent limitations of the

cyclic method remain. Until progress in the technology of excavation

provides an excavating machine capable of performing satisfactorily under

all ground conditions, a probability exists that cyclic methods of excavation

will be required in one or more segments of a tunnel route.

In hard rock, conventional methods produce muck which is usually blocky
or slabby; in soft ground, the muck tends to be muddy or pebbly cohesive.
Rail cars or rubber-tired vehicles are most often used to transport the y
muck away from the excavation zone since the demand on the transport \
system is cyclic. ‘

Continuous or semicontinuous excavation is performed by mechanical
excavators, The semicontinuous machine employs a claw-like device for
digging material from the tunnel face. It is suitable for relatively soft
consolidated material or a matrix of clay or shale with embedded frag-
mented rock. This machine mechanizes excavation under conditions
previously requiring hand excavation. The nonhomogeneous nature of the
ground for which this machine is suited and the method of attack on the
face make the development of a true continuous operation difficult.

The rotary head machines or ''moles" offer promise of sustained con-
tinuous excavation under suitable ground conditions when problems of
cutter wear and mechanical breakdown are overcome. Two general
types are in use: those employing rotation of the complete head as a
unit, and those having several smaller rotating cutter heads mounted on
the front of the mole. Only fullcircle bores can be produced by rotating
the complete head. Tunnel cross sections approximating the standard
horseshoe-tunnel or other sectional geometry can be produced by the
multicutter head machines. These machines are also more adaptable

to work on a nonuniform tunnel face.

A mechanical mole is a massive piece of equipment which braces against

the tunnel walls, thrusts a set of cutting edges or bits against the face to

fragment the in-situ material, and removes the resulting muck from the

face zone by scooping it up from the floor and transporting it by conveyor

through the mole to the rear of the machine where it is transferred to a

" transport system for removal from the tunnel. This fairly recent method ’
resulted in substantial increases in the advance rate over the conventional ,
cyclic method. The maximum sustained average rate achieved is in excess
of 200 feet per day. Short duration rates as high as 400 feet per day have
been obtained. Because of the downtime required for cutter replacement
and maintenance on moles currently used, the operation is not fully con-
tinuous. Normal availability is only 20 to 30 percent at the present time.



The mole has usually been employed most successfully in soft to medium
rock, and found much more limited application or been unsuitable for use
in hard rock (above 25, 000 pounds per square inch), mixed face situations,
sticky clay material, or running ground. Although these machines have
been used successfully on several tunnel projects, they are still in the
development stage. Improvements are being made in cutters, power
trains, and other components to provide better performance and to
reduce the downtime of the equipment. - Continuing improvements in the
penetration rate, the ability to work in a wider range of ground condi-
tions and rock types, and the equipment reliability are. expected to pro-
vide continuous or near-continuous excavation in the near future.

Advance rates which have been achieved by moles, and even higher
advance rates expected on a sustained basis in the future, impose new
demands on material handling systems for muck removal and transport
of construction materials. Average rates of material transport in the
future will be several times the present peak requirements, As the pro-
duction of muck and the use of materials approach continuous operations,
the need for synchronized continuous flow of materials increases since
there is limited space for surge storage.

The muck produced by moles working in soft or medium rock consists of
relatively small, uniformly coarse granular, tabular, or foliated parti-
cles. These muck characteristics are compatible with a broader range

of muck transport modes than the large, less uniform, blocky muck pro-
duced by the conventional method of excavation.

Many novel approaches have been proposed to increase the excavation
rate. .Some of the more promising techniques which are now in the
research and development phase include flame jet rock disintegration,
hydraulic jet shattering, laser, and plasma jet disintegration. The
advance which may be achieved by these methods and the characteristics
of the muck produced in realistic tunneling situations have not been deter -
mined due to the early stage of development of the methods.

Flame jet rock disintegration does not work well in soft rock. It is more
effective in the harder rocks, such as granites and gneisses, which have
high percentages of silica and high spallability rates. These rocks, which
are very hard, are difficult to excavate by mechanical cutters. United
Aircraft Research Laboratories{l) has studied a method of incorporating
the flame jet principle into a tunneling machine. The concept of this
machine for a 30-foot diameter tunnel is shown in Figure 1-2 which also
illustrates the massiveness typical of tunneling machines. In this
scheme, a series of circular concentric kerfs or channels are produced
in the rock face by the flame jets. The rock between the channels is then
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br oken off mechanically by a breaker arm. This approach reduces
considerably the requirement for rock spalling by the flame jets since
disintegration of the entire face by heat is not required. The tunneling
machine would operate behind a heat shield sealing off the entire face
area and isolating the heat and gases produced from combustion and rock
de composition. The mucking arrangement on this machine consists of
large rotating mucker blades which sweep the muck onto the muck con-
veyor through one or two openings at the front of the machine. The muck
is then transported away on hot material handling grates or pan feeders
to be cooled and handled by conventional material handling systems. The
handling and cooling of large quantities of hot muck would increase con-
siderably the load on the environmental cooling system.

Under sufficiently high pressure, a jet of water directed at a rock face
can shatter the rock. These jets of water can be pulsed intermittently
through large nozzles or pumped continuously through small nozzles.
Once the minimum threshold pressure required for rock shattering is
exceeded by the water jet, the rock breaks. Considerable research is
presently underway to determine threshold pressures for various rock
types and also to determine the most economical water pressures for
rock shattering. Preliminary tests indicate that the rock strength may
have less effect on fluid-shattering rates than it has on rock-breaking
rates achieved by the mechanical cutters of the conventional mole. Con-
siderable research on hydraulic jet shattering is now underway in the
United States and other countries. Current laboratory test penetration
rates in various types of rock indicate the possibility of extremely rapid
advance rates for future hydraulic jet-shattering systems. Anticipated
muck characteristics from fluid shattering are similar to those obtained
from mechanical excavators, except that the muck will have a higher
moisture content, varying from damp to quite wet depending on the rock
type and the shattering technique used. The quantity of water used in the
pulsed, high-pressure jet appears, from small-scale tests, to be about
1.5 gallons per cubic yard of in-situ rock.

For the plasma technique of rock disintegration, the specific energy
requirements are high, It has, nevertheless, received considerable
attention since the energy is applied directly to the rock face and since
no losses occur in a transmission train as in the case of mechanical
moles. Research in this field to date has been confined entirely to lab-
oratory scale testing. Bouche(?) reports that experience gained in the
laboratory indicates that the plasma torch offers a tremendous advantage
over conventional chemical flames for many applications. Not only can
this new heat source, with its unusually high temperature, perform many
tasks previously not possible, but it also produces unit heat output at a
lower cost than oxygen requiring fuel when used on an industrial scale.



Westinghouse Research Laboratories(B) has developed a 10-kilowatt

electron beam rock cutter. Current work involves investigation of its
possible use for tunneling and trenching.

Other approaches being investigated include the use of chemicals or heat
applied to the face of the rock to weaken it, making it more susceptible
to fracture by mechanical cutters. The rate of chemical reaction tends
to limit the maximum advance rate obtainable by this approach. The use
of heat to assist mechanical cutters reduces the heat load on the environ-
mental cooling system from that imposed by the use of solely thermal
spalling techniques. The approach using heat weakening is currently
being investigated by United Aircraft Laboratories.

Other methods of changing the ground characteristics to make it more
suitable for application of mechanical moles include freezing the ground
with liquid nitrogen or other cryogenic material and forcing chemical or
cement grout into small leader holes to consolidate a loose formation.
Fither of these techniques would require preparation well in advance of
the tunneling operation; otherwise, it would severely limit the advance
rates due to the time required for ground preparation.

Ground Support

Tunnels most often are driven in materials which are not competent and,
therefore, require a ground support system to be installed. The support
system may be temporary for sustaining short-term loads or may be
installed to sustain longer term loads; but when placed during tunnel
driving, it is considered primary lining. When additional lining is placed
inside of primary lining or replaces it, that lining is considered second-
ary and is usually placed after excavation is completed when more work-
ing space is available.

When support is required, it should be placed quickly to provide the
necessary protection to personnel and equipment. Modern practice(4)
indicates that prompt placement of properly designed primary ground
support can obtain maximum benefit from the self-supporting capability
of the ground, thus reducing the amount of supplementary suppoi‘t
required. Therefore, installation of primary support systems takes
place as close behind the excavation face as possible, simultaneously
with muck removal. This tends to interfere with other activities in the
tunneling process.

The design of a muck-removal system must consider the space to be
occupied by the support system, the space or clearance to install it, and
the space necessary to deliver materials and equipment used in the instal-
lation. For a continuous excavation technique, continuous installation of
the ground support system at the same rate as the face advance is required.
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Therefore, a relatively continuous supply of support materials is required
concurrent with excavation and muck removal.

The design of the ground support system, which is dependent on the char-
acteristics of the material being excavated, is selected primarily for its
ability to adequately support the ground. However, consideration of '
economy, rapid installation, permanency, or flexibility is also important.
There are five basic methods of ground support which may be used singly
or in combination. The first, which is appropriate only for highly compe-
tent rock of high-compressive strength, requires no supplemental support-
ing materials. The load is supported by the natural arch formed in the
rock, ‘

For less competent rock, the formation of this arch is aided by the use
of rock bolts which penetrate approximately 4 to 10 feet or more into the
rock increasing the cohesiveness of the rock and distributing the load.
The rock bolts often are supplemented by wire mesh or plates spanning
between bolts to prevent the falling of loose rock.

Mass material, such as shotcrete or gunite, may be applied to the

surface of the rock to reduce spalling and to act in compression to prevent
movement of the rock and loss of cohesiveness. Chemical materials alone,
or reinforced with fiber glass, polymerized in place by heat or radiation,
have also been suggested and are being developed for this use. Use of
these bulk materials may, unless adequately designed equipment and
procedures are used, create atmospheric conditions deleterious to material
handling systems and other equipment. Spattered material and solvents
used as carriers for chemical monomers would need to be carefully
controlled.

Where more support is required than provided by rock bolts or mass
materials alone, they may be used in combination to obtain the advantage

of the load support mechanism of each. Improvements are being made in
equipment and technique for the application of shotcrete and in the use

of accelerators to achieve very rapid set of the material. Very favorable
results have been reported under rather adverse conditions, particularly:
for the use of dry shotcrete. The new Austrian method (°) of ground support
which has been used successfully on several jobs, including very severe
ground conditions, during the past 10 years is based on the principle of
prompt installation of support including closure of the invert to provide
full-ring resistance to ground movement. Careful measurements of ground
movement are made to determine when equilibrium has been established

so that secondary lining can be installed. The primary support consists

of combinations of rock bolts, wire mesh, shotcrete, and steel bar ribs as
required by the particular ground condition.



Under more severe load conditions encountered in some squeezing or
swelling ground, the usual practice requires the use of rib sets or liner
segments. Rib sets are structural steel arches, or full circles, which may
be designed to support very heavy loads. The rib set is assembled from two
or more components as close behind the working face as is feasible. The
components are fabricated outside the tunnel from standard structural steel
shapes. Lagging may be used between the rib sets to protect against spalling
rock.

Liner segments are structural members of cast iron, steel, or concrete,

or a combination of these which can combine the load support capability of

rib sets with the full surface protection against falling rock afforded by lagging
used with rib sets. In somedesigns, the initial installation of liner segments
also provides the final tunnel surface. In other cases, the final facing is
applied later in the construction sequence. For heavy loads, liner segments
become massive, weighing several tons each. Heavy-duty equipment is
required for handling and installing these components.

Packing is often used in the space between the rock surface and the liner

or the ribs and lagging to distribute the rock load uniformly to the structural
support system. Yielding packing materials are being investigated as a
means of improved load distribution and to accommodate more adequately
the changes in distribution which occur with time in squeezing or swelling
ground.

Most tunnels constructed for permanent use are lined with concrete to

the final design dimensions. Since most designers have not considered this
secondary lining to be part of the ground support system, it has been possible
to install it after all excavation has been completed, thus avoiding interfer-
ence with the excavating and ground support operations. However, as more
attention is given to reducing the cost of tunnels by improving the design of
the ground support systems, there is a strong incentive to install the secon-
dary lining as close behind the excavation as possible. Installing the
secondary lining simultaneously with excavation has the obvious disadvantage
of reducing the already limited space available for transport of materials
and equipment to and from the working zone. This disadvantage might be
mitigated by the development of an installation system designed to eliminate
or minimize the space conflict. These devices may require space along

the sidewalls of the tunnel, thus further restricting flexibility in locating

the muck-removal system. The loads imposed on the support system are
very difficult and often impossible to predict. They may vary over a wide
range in a given segment of tunnel. Therefore, more than one method of
support may be required to economically handle the varic.is situations in a
tunneling project.



All methods of ground support require transport of materials from the
construction support area outside the tunnel complex to the near-face
zone where they are installed. Special equipment is required for erec-
tion, application, or installation of all ground support systems except the
smallest rib segments and pan liners which may be installed manually.
Rib set installation with blocking, lagging, and packing requires the
largest number of separate operations and is, therefore, the most diffi-
cult to mechanize. Progress toward more rapid installation of rock bolts
has been made by using multiple drill equipment, but the need for sequen-
tial operationis cannot be eliminated.

Maintenance of the primary support system from the time of installation
until the secondary lining is installed may require onloading or offloading
of material at intermediate points along the material transport system,
particularly under severe ground conditions where spalling may occur or
sections of ground support may need to be replaced.

Of the basic methods, only the mass materials (such as shotcrete) used
alone offer the possibility for continuous installation. The materials for
this method are transported as loose or packaged bulk materials and are
mixed in the near-face zone for application to the rock surface. At the
present stage of development, this method produces the largest amount of
waste (rebound) material which must be cleaned up and removed from the
tunnel complex. Installation of liner segments might approach a continu-
ous process by careful development of procedures and equipment, but it
would lack the flexibility to adapt to the variation in load requirement that
can be obtained by application of various thicknesses of shotcrete. There
is some doubt that shotcrete, even in combination with rock bolts and
mesh, will be adequate under heavy squeezing ground or other unusual
situations. Ribs or liner segments may always be needed in these cases.

Project Support

Project support includes provision of an adequate environment for per-
sonnel and equipment to perform their required functions which are
maintenance of all equipment and other miscellaneous support activities
such as: .

° Supervision of personnel

e Assurance of personnel safety

) Inspection by officials

° Emergency operations

° Tunnel alignment



° Testing (e.g., measurement of ground mo{rement)

. Inspection and assurance of integrity of the installed systems
(e.g., ground support, roadbed)

e - Removal of waste materials

] Removal of groundwater running into the tunnel

The provision of an adequate working environment and other life support
requirements includes: '

° An adequate supply of fresh air and removal of noxious gases
° Temperature and humidity control
e Dust control

e Light of proper intensity in work areas and lower levels throughout
the tunnel complex '

e Comfort items such as potable water and toilet facilities

e Extension of life support systems.

Fresh air ventilation must be provided throughout those segments of the
tunnel complex where work is being performed, including the tunnel and
shafts where transport and maintenance operations occur. Dust control
is an important consideration in the design and operation of the ventilation
system. The severity of this problem is affected by the ground condition
and methods of excavation, ground support, and muck transport selected.
The most common method of dust control is to spray the dust source with
water. :

Temperature and humidity control is vital to sustained effective performance
of personnel. In long tunnels deep underground where rock temperatures

may exceed 100 F, it becomes impractical to provide the desired temperature
and humidity by increasing the fresh air supply. Refrigeration is required,
which means providing a supply of chilled water to carry the heat to a heat
sink located outside the tunnel complex. In severe situations, mechanical
refrigeration units may be required in the work zones. Any of the proposed
thermal methods of rock breaking or weakening will increase the problem

of heat removal.

Ventilation air ducts, water circulation pipes, cooling coils, and refrigeration
units (if required) must be extended or moved ahead at the same rate as the
face advance rate. This requires transport of ducting, pipe, fittings, and
support brackets from the construction support area on the surface to the
near-face zone for installation,



The lighting system which extends the length of the tunnel also must be
extended at the rate of face advance. This requires transport and
installation of high-voltage transmission cable, 'step-down transformers,
low-voltage wiring, and mounting of insulators and brackets. Periodic
inspection and replacement of incandescent bulbs must be made over the
length of the tunnel.

Potable water is usually provided in portable tanks which must be
advanced with the work zone and periodically removed for cleaning and
refilling. Toilet facilities are self-contained chemical units which are
periodically moved ahead with the work zone. Fresh chemicals must be
supplied and waste removed, usually once per shift. An alternate method
is the use of electric toilets which incinerate the waste and discharge

into the exhaust air system.

All equipment used in excavation, ground support installation, project
support, and materials handling must be properly maintained through an
adequate preventive maintenance program if sustained rapid advance rates
 are to be achieved. Utilities, supplies, and spare parts required for
operation of the equipment must be available when needed. Lighting power
is usually provided from the same high-voltage transmission line used for
equipment power. Water for cooling or hydraulic systems is provided
from a high-pressure water line. Compressed air is usually piped in or -
may be obtained from local electric or diesel operated compressors.

All utility lines must be extended at the same. rate as the face advance,
thus adding these construction materials to the quantities carried by the
material handling system. Diesel fuel, lubricants, and compressed
gases are usually provided in portable tanks or drums which must be
transported to the work zone. Spare parts are too varied and specialized
to be identified in generalities. - : '

The miscellaneous support activities, with the exception of groundwater
removal, are performed intermittently and donotadd significantly to the
load imposed on the material handling system. The requirement is
primarily for personnel and special equipment transport to various
points in the tunnel. Removal of groundwater from the tunnel requires
a pipe and pump system separate from the industrial and cooling water
system and having pickup points at frequent intervals if there is an
appreciable amount of groundwater. The major impact of the miscel-
laneous support activities on the materials handling system is the
requirement that it be able to stop and start from various locations in
the tunnel complex without interfering with continuous operations.



Materials Handling

There are two basic functions to be performed by the materials handling
system: removal from the tunnel complex of excavated material (muck)
and transport of other materials, equipment. and personnel within the
tunnel complex. Removal of muck requires:

° Loading onto a transport system
® Transport through the horizontal tunnel

° Lifting to the surface through a vertical shaft or through an
inclined shaft or tunnel segment

] Transport on the surface from the collar or portal to the
disposal site

] Unloading or dumping material from the transport system.,

Depending on the particular mode of initial transport selected and the
method of excavation used, processing of the muck prior to loading onto
the transport system may be required to reduce the particle size of the
muck or to change other of its characteristics such as temperature or
water content. The mode or modes of transport also determine the need
for transfers from one mode to another or processing at points of direc-
tion change.

Transport of other materials, equipment, and personnel requires con-
siderable flexibility in the transport system to accommodate the wide
variety of shapes, sizes, and masses to be transported. These factors
are heavily influenced by the methods used for excavation and ground
support. Regardless of the material characteristics and mode of trans-
port, material must be:

° Loaded onto the system in the surface construction support area

° Moved to the portal or collar

] Lowered to the tunnel depth

° Transported through the tunnel to the near-face zone or other
point of use

° Unloaded from the transport system

° Moved into position for installation or use
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Processing of these materials such as changes in size and shape, or
mixing of materials, is usually performed only in the surface support
area or near the point of application. Transfer from one mode of trans-
port to another may be required at points of direction change. A mini-
mum of transfers is desirable, as each transfer.adds to the cost of the

material handling function.

The mechanisms used for 1oading, unloading, and transfer of materials
must be compatible with the mode of transport used and the specific
material being handled. Although these mechanisms are vital to the flow
of materials, they normally are not major elements of cost where long
distance transport is involved. Mechanisms for erection, installation,
or application are highly specialized for the particular material and
method being used and are, therefore, more appropriate for inclusion in
an evaluation of ground support methods or other applications than in
evaluation of material handling methods. The modes of horizontal and
vertical transport are the major considerations in the comparison of
alternate material handling systems. '

The most frequently used mode of horizontal transport for tunneling pro-
jects is a form of conventional rail system with cars and locomotives
designed to accommodate the space limitations and other adverse condi-
tions encountered. Cable-operated skips are the most common mode of
lift for vertical or steeply inclined transport. In underground excavation
projects with only relatively short runs or where flexibility of transport
is the overriding consideration, rubber-tired vehicles are often selected
rather than or in conjunction with rail systems since they provide greater
mobility and have the ability to climb somewhat steeper grades. These
transport modes are usually fairly satisfactory for present-day require-
ments, because for most projects the pace of operations is determined
by intermittent excavation or ground support installation activities which
do not impose requirements on the material handling system beyond its
capacity. As improvements are made in excavation techniques and
ground support methods to increase the rate of face advance, the pace of
all related operations must increase, thus requiring development of new
material handling methods or improvements and adaptation of existing
methods to the new requirements.

Several modes of material transport currently used in various types of
industry have been suggested for adaptation to material handling for
tunneling. These include pipeline systems, conveyor systems, cableway
systems, and modifications of conventional and other rail systems such
as monorails and siderails. These and other transport system concepts
are described in Chapters 2 through 5 of this report.



The selection of a surface handling system for a project is strongly
influenced by distance to the disposal point or point of origin of the
material, topography of the area, purpose for which the material is to
be used after discharge, and cost of the system. The muck removal -
system is also dependent on the nature of the material at the portal or
shaft collar. For example, wet muck might require dewatering in order
to be carried away effectively by a conveyor system, or dry muck would
require slurry development to be removed by a pipeline. Costs for
changing the state of materials to fit a particular mode of transport must
be included in the cost of that mode when making a comparative evalua-
tion. Current methods for surface transport of materials for under-
ground workings are predominately truck or rail; although for some
cases of very severe topography, these are supplemented with cableways
or aerial tramways. For relatively short periods of use, as would be
the case for surface transport servicing portals or shaft collars during
construction of a long tunnel, the cost of civil works to provide rail or
road transport could impose a severe cost penalty. Since the selection
of surface transport systems is so highly dependent on the local topogra-
phy and the availability of existing facilities in the vicinity, disposal of
muck at the surface construction support area is used as a basis for com-
parison of alternate modes of material transport in the tunneling process.

Tunneling Process as a System

The tunneling process consists of four major functions:

® Excavation
™ Tunnel structure installation
° Project support activities

] Materials handling.

To obtain rapid face advance at the heading, these four functions must
be performed continuously and simultaneously, thus creating a high
degree of interdependence among all operations. Each of the major _
functions can be further divided into subfunctions, and several alternate
methods exist for performing each of the subfunctions. This increases
the interdependence among operations, since the selection of method

for performance of one function can influence the selection of an
appropriate method for other functions. For example, the methods

“of excavation and ground support determine the characteristics of

much of the material to be transported by the material handling system.



This integrated set of interrelated functions and operations together with
the necessary mechanical hardware, structural components, and personnel
can be thought of as a 'total system'' with the defined objective of producing
a specified tunnel complex. This concept of the tunnel project as a '"system"
provides a useful analytical framework for consideration and evaluation of
alternate methods of performance of the functions of the system, such as
alternate modes of material transport. Attention is usually focused on a
subsystem of the total system. The tunneling project system's hierarchy
is summarized in Figure 1-3 where the major functions of the tunneling
system and its primary subsystems are shown in rectangular boxes, and
alternate items for performance of some of the functions are shown in

oval boxes.

In defining a complex systems structure, arbitrary decisions must often
be made regarding the system location of a particular function.. For
example, gathering muck from the tunnel floor at the face and removal
from the face zone could be considered a function of the muck-removal
system. However, because the mechanism used for this function is so
closely related to the method used for fragmentation and/or removal of
material from its position in the face, it is more appropriate to consider
removal of muck from the face zone as part of the ""'remove in-situ
material'' system. In the case of mechanical moles, fragmentation and
removal from the face zone are performed by the same mechanical sys-
tem. A similar situation exists regarding the materials handling required
to move into place and install components of the primary support and
secondary liner systems. The mechanisms used are highly specialized
and determined by the method of support or lining selected. Therefore,
it is more appropriate to consider these mechanisms to be part of the
tunnel structure installation system rather than the materials handling
system,

A more detailed definition of the excavation system can be developed

only after a specific method of excavation has been selected based on the
existing ground conditions and the stage of development of the alternate
methods at the time of selection. The rock or ground type and method of
excavation determine the protection required in the face zone, the system
required to advance the excavation system at the rate of face advance,
and the characteristics of the muck produced. Selection of the excavation
system determines the utilities, supplies, spare parts, and personnel
required to operate and maintain it and the materials required for pro-
tection and advancing the excavation system. The characteristics of
these materials are factors in determining requirements for the material
handling system.
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In like manner, the ground condition and stage of development of alternate
primary support methods determine the selection of support method, or
combinations of methods, and the maintenance required for the support
system. The selection of primary support method determines the equip-
ment and personnel required for installation. The equipment selection
determines the utilities, supplies, and spare parts required for equip-
ment maintenance and materials required to extend the installation sys-
tem. Similar logic can be outlined for the secondary liner installation.
The materials required for tunnel structure installation equipment main-
tenance, advance of the installation system, and as components of the.
structural system at the time of installation and for maintenance are
major factors in determining requirements for the material handling
system. '

Project support functions can be grouped into life support, equipment
maintenance, and miscellaneous support. Although materials such as
air, water, electricity, and compressed air are required, they are
normally supplied through ducts, pipes, or cables not normally con-
sidered to be part of the material handling system. Removal of ground-
water also is usually handled by an independent pumping system. Other
materials such as supplies, spare parts, and materials required to
advance pipes, ducts, and cables must be transported by the material
handling system. Personnel required for all operations, maintenance,
and miscellaneous support activities also must be transported by the

. material handling system.

The material handling system or systems perform the functions of load-
ing, horizontal transport, change of elevation, and dumping or unloading.
In addition, the optional functions of processing and/or transfer may be
performed depending on the selection of modes of transport and the com-
patibility of the materials with the modes selected. Several alternate
methods can be identified for accomplishing each of these functions.

The selection of a particular method or combination of methods in con-
junction with the quantities of materials to be handled determines the
space requirements for the material handling system and the materials
- required to advance the system in the near-face zone. For some modes
of transport, the system advance materials may be a major factor in
determining the requirements for the material handling system.

For a generalized comparative evaluation of material transport modes,
which is the purpose of this study, extreme detail in the identification of
alternate methods and elements of the tunneling project system is not
necessary as long as the characteristics of all types of material and the
approximate quantities of the major types are defined.



IMPLICATIONS OF TUNNEL GEOMETRY

Basic Configuration

Two general types of tunnels are considered: portal tunnels and deep
tunnels., Both of these types are shown schematically in Figure 1-4.

A portal tunnel generally enters the inclined or vertical face of a moun-
tain or ridge and passes more or less horizontally through to the other
side. There is no significant change in the elevation of materials during
transport inside the tunnel. For evaluation of material transport sys-
tems, this situation is the same as transport through a horizontal or
slightly inclined segment of a deep tunnel.

A deep tunnel, which may vary in depth from just below the practical
limit for cut-and-cover excavation to 3, 500 feet for this study, requires
major changes in the elevation of materials transported in the tunnel
complex between the surface and the deep tunnel. For long tunnels
where the distance between portals (stage length) may vary from 20 to
450 miles, as is assumed for this study, intermediate shafts will be
required for ventilation and access during construction and operational
use of the tunnel. These shafts may be vertical or inclined as deter-
mined by an economic balance between various cost trade-offs for a
specific ground condition and topography. The parametric range of shaft
spacing assumed for this study is 5 to 20 miles

The relationship between vertical, horizontal, and slant distances for
various degrees of incline of shafts and various grades in tunnels is
shown in Figure 1-5. Due to limitations imposed by the assumed use of
the tunnel, grades for tunnel segments are restricted to less than 26 per-
cent. In this range of grades for a tunnel depth of 3, 500 feet, the slant
distance of the inclined tunnel segment is about 13 miles for a 5-percent
grade and less than 3 miles for a 26-percent grade. For a depth of

500 feet, the slant distance varies between 2 miles and less than

0.5 miles. Thus, for short stage lengths the entire tunnel may consist
of two inclined segments; while for long stage lengths, the inclined seg-
ments of the tunnel may be about 1 percent of the total tunnel length at
depths of 3, 500 feet and less than 0.1 percent at depths less than 350 feet.

Tunnel bore diameters fall in the range of 10 to 40 feet, and the heading
advance rates are assumed to vary from 300 feet per 24-hour day to

1, 500 feet per day to assure inclusion of average rates considered to be
achievable within the next 20 years.

1-23
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Figure 1-6 shows a comparison between volumes of muck removed from
the tunnel and that removed from the shafts for tunnel complexes within
these parametric ranges. It can be determined from this graph that for
the maximum tunnel depth of 3, 500 feet, the material removed from the
total shafts is 13 percent of that removed from the tunnel for minimum
shaft spacing and 3 percent for maximum shaft spacing if shafts are
assumed to have the same diameter as the tunnel. For a tunnel 350 feet
deep, the proportion would vary from 1.3 to 0.3 percent. To illustrate
the use of Figure 1-6, consider the following example:

° Assume that a 30-foot diameter tunnel is to be driven 100 miles
at a depth of 3, 500 feet with shaft spacing of 5 miles and that
there are three 10-foot shafts at each shaft location. The total
number of shafts would be 57.

] For a tunnel length of 100 miles and a diameter of 30 feet,
read 24.2 million cubic yards of muck based on a swell factor
of 1.75. '

° For a shaft depth of 3, 500 feet, a diameter of 10 feet each, and
a total of 57 shafts, read 1.5 million cubic yards of total shaft

muck.

° Comparing shaft muck volume to tunnel muck volume, observe
that the total shaft muck is less than 10 percent of the tunnel
muck.

Figure 1-7 presents the tunnel project duration for various tunnel lengths
and heading advance rates. It can be observed that a 100-mile tunnel
driven at one heading, advancing at an average rate of 500 feet per
24-hour day, would require about 4.5 years to complete if 20 work days
per month are assumed. The time required for geological exploration,
ground preparation, shaft sinking, setup and dismantling of equipment, or
other preparatory activities is not included in this estimate. Obviously,
if four headings were advanced simultaneously at the same rate, the pro-
ject duration would theoretically be reduced to approximately 1 year.

For a 20-mile tunnel advanced at the rate of 750 feet per day, 140 days
are required. If 20 days are required for equipment setup and 10 days
for dismantling, the nonproductive portion of the cycle is greater than

20 percent of the productive portion. This would represent a significant
increase in the cost per foot of advance and illustrates the desirability of
long, continuous runs once a heading has been established.

Referring to Figure 1-4, one can observe that if during construction of
the inclined segment of the tunnel the project is supported from project
support area A at the portal, and as the heading passes the first shaft
station it is desired to support the excavation activity through shaft B,
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it is necessary either to move the project support area to the collar of
shaft B and surface transport materials to it at the new location, or
leave the support area at A and transport materials on the surface
between positions A and B. For some topographic situations, either
of these alternatives could become major cost factors.

Material Handling Situations

Due to the basic tunnel configuration under consideration, a limited
number of material handling situations is possible. These are shown
in Figure 1-8. There are three major flows of materials: outward

flow of muck from the face zone, inward flow of materials and personnel
to the near-face zone, and outward flow of waste and personnel from the
near-face zone, In addition, material (including pérs_onnel) may be
loaded onto or discharged from the transport system at intermediate
points between the terminals of the system.

Situation ""A' occurs when excavation is started at a portal and the
inclined tunnel is driven downward to the point where a transition to
the horizontal tunnel occurs and the advancing face continues to move
forward. In this situation, the only possible route for material trans-
port is through the horizontal and inclined segments of the tunnel.

After the advancing face passes the location of a previously constructed
shaft, an alternate path is provided for material transport. As shown
in Sketches "B', "C", and '"D", three possibilities exist.

e Muck can be transported along the tunnel to the shaft while
other materials are moved through the tunnel to and from
the portal.

° Muck can be moved out through the tunnel to the portal while
other materials are lifted and lowered through the shaft.

° Muck and all other materials can use the shaft for entrance
to and exit from the tunnel.

Sinking a shaft ahead of the tunnel advance is shown at S, in Sketch '"C."
Material handling for this situation is entirely independent of the tunneling
process and is, therefore, not considered in this study. ‘

Situation "E'' would occur in a short tunnel with no shafts as an extension
of situation "A'", In this case, the face is advanced upward; and all
material is transported on an incline at both ends of its journey.
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Situation "F'" would result from face advance in"'E'" passing a previously "
constructed shaft prior to starting up the tunnel incline or from sinking

a shaft to provide access to the tunnel depth for raise boring of the inclined
tunnel segment. If face advance in "E''had passed a previously constructed
shaft, then any of the situations in '"B", '""C", or "D" could dccur with the
modification of raise excavation of the tunnel as shown in '"E' and "F'"

If situation '"D'" is combined with situation ""F', the situation shown in

"G'" is obtained. This offers the possibility of a transport mechanism

or mechanisms shuttling between faces ''a' and 'b'" with automated loading
and unloading on the fly at the shaft station. One apparent disadvantage

in this situation is the heavy traffic burden placed on the shaft and shaft
station. If the face at "a'' is in a horizontal tunnel segment rather than
inclined as shown, the situation remains essentially the same,

Situation ""H'" is essentially the same as "'G'" but with the added complica-.
tions of raise boring of a shaft over a segment of tunnel at point ''¢''.
Although this situation offers the possibility of shuttling between faces
"a'"and 'b'" as in situation "G', it would require onloading and offloading
at two points along the flight, The segment of the transport system
between points ''s'' and ''c¢' would be required to carry a double load,

and the shaft station and shaft at ''s' would carry a triple load. Multiple
headings serviced by a single access as shown in this situation appear to
compound an already difficult problem.

The situation in "I' is a combination of "B" or "C'" with "D". It illus-
trates the problem created by advancing two headings toward each other.
When they meet, it will be necessary to back out all the equipment and
transport it to a new working face, This could be a major cost factor.

Any other material handling situations which can be visualized will be
combinations, portions, or slight modifications of the situations shown

in Sketches "A'" through "H". -

Tunnel Cross Section

The size and shape of the tunnel cross section or bore configuration is
determined initially from the intended use and nature of the ground to-
be penetrated. The bore configuration establishes the volume of muck
to be removed, the exposed surface area requiring structural support
and lining (which establishes the quantity of construction materials),
and the space available for material handling systems and other
construction activities.



The most common bore configurations.'are circular, horseshoe, and
vertical sidewall. These basic configurations are shown in Figure 1-9,

It is apparent that for equivalent diameter sections (D = 2R = R + h) the
volume of muck removed and surface area exposed is the least for a
circular section and the most for the vertical-sidewall section, with

the horseshoe falling between the extremes. It is also apparent that

the usable floor area becomes greater as the configuration goes from
circular to vertical sidewall, This in turn provides better utilization

of the total cross section for transport of wide loads requiring head room.

Modifications of the vertical sidewall are sometimes used by increasing
h to produce a high sidewall configuration or increasing W which results
in a configuration referred to as the basket handle. Since the circular
and vertical sidewall configurations present material handling problems,
each typical of other similar configurations, only these two are con-
sidered in this study. ' '

Figure 1-9 also indicates three possibilities for an underground
transportation tunnel complex. Two-way traffic and all service
functions could be placed in a single large tunnel bore; two smaller
tunnels could be used, each to carry one-way traffic with its own
service support; or the service support could be centralized in a
third service tunnel supporting both of the one-way traffic tunnels,
The only impact on the evaluation of material handling methods
posed by the number of tunnels in the complex is that due to the
change of tunnel diameter. This study considers single tunnel
bores varying in diameter from 10 to 40 feet.
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CHAPTER 2

MATERIAL HANDLING SYSTEMS

FUNCTIONAL ELEMENTS

In Chapter 1 the tunneling process is discussed briefly and defined as an
integrated system consisting of four major functions: excavation, ground
support, project support, and materials handling. The materials handling
function for deep tunnels includes the following elements or operations:

Gathering and loading items or substances onto the material
transport system.

Transport through the horizontal tunnel and on the surface.

Transport through shafts or inclined tunnel segments involving
changes of elevation between the tunnel and the surface.

Transfer of materials from one mode of transport to another.

Unloading items or substances from the material transport
system.

Storage of materials in a slow-moving queue or as stationary
substances waiting to be used or transported.

Moving materials or components into position for installation or
application.

Packaging or consolidation of a number of items or a quantity of
a substance to facilitate handling.

Processing (changes in nature or form) of a substance required
for the material to be compatible with a particular material
handling system.

TYPES OF MATERIALS

The performance of each of the major functions of the tunneling process
produces and/or uses materials which must be transported and otherwise
‘handled within the tunnel complex. The term ''materials,’” in the broad-
est sense, refers to all items or substances such as men, equipment,
construction materials, supplies, and waste materials involved in the



tunneling process. Construction materials include those required for v
installation of ground support and for extension or advance of all service : ;
lines and material handling systems as the excavation face moves for-
ward. A representative list of these materials or substances, which are
identified in greater detail in Chapters 6 through 11, would include:

¢ Men or work crews for excavation, installation of ground support,
. extension of service lines and material handling systems, oper-
ation of material handling system components, and performance
of project support functions including maintenance of all equip-
ment and ground support systems and removal of waste materials.

o Equipment such as transformers, pumps, blowers, mixers,
crushers, compressors, welders, rock drills, test and in-Spec-
tion equipment, and equipment for atmospheric control.

) Equipment for loading, unloading, and transfer of materials in
the material handling process.

e Highly specialized equipment for erection, installation, and/or
application of ground support systems.

° Equipment for handling and installation of extension components
for the material handling systems and service lines.

] Materials and supplies such as drill bits, cutter heads, and
explosives used in the excavation operations.

° Materials and supplies such as spare parts, fuel, lubricants,
and compressed gases required for operation and maintenance
of all equipment.

™ Components and materials such as rock bolts, wire mesh, metal
plates and shapes, sand, gravel, cement, reinforcing bars, per-
forated sheet metal, structural steel, wood blocks and timbers,
and precast reinforced concrete components which are used in
construction of the primary and secondary ground support
systems.

° Components and materials such as ducting, pipe, high voltage
transmission cable, high pressure hose, electrical wiring,
insulators, brackets, and fittings required to extend all service
lines.



° Components, materials, and spare parts for extension and
maintenance of the material transport system. The specific
materials required are determined by the particular mode of
transport used. Typical examples include structural steel
components, pipe or ducting, conveyor belts, support brackets
and anchors, rails, ballast, timber or concrete cross ties,
cables, gears, bearings, wheels, and rollers.

e Waste material such as muck or spoil produced by the excava-
tion operation, ground water which seeps or flows into the
tunnel, human waste, wastage or discarded materials from
installation of ground support and other operations, and dis-
carded packaging materials and containers used for trans-
porting materials.

Although all of these materials probably would not be required simul-
taneously for a particular tunneling project, the list is indicative of the
large variety of materials which the material handling system may be
required to transport. The specific materials used for a tunneling pro-
ject are determined by the methods being used for excavation, ground
support, and material handling. On a large, complex project more than
one method may be used for each function at some point in the project,

. thus imposing a wide range of materials on the transport system.

BOUNDARIES OF MATERIAL HANDLING SYSTEM

Factors, which are discussed in Chapters 1 and 6, bearing on the extent
and boundaries of the material handling system under consideration may
be summarized as follows:

) Services and service materials such as electric power, air,
water, and compressed air are normally supplied through sepa-
rate ducts, pipes, or cables which are not considered to be part
of the material handling system of concern. The only impact of
these service supply systems on the material handling system is
the space which they occupy and the fact that the materials
required to extend the service system must be transported by
the material handling system.

) Groundwater removal is usually accomplished by means of an
independent pipe or hose system which is not considered to be
part of the material handling system of concern. The material
handling system must transport the materials and equipment
required for extension of the groundwater removal system.

v



. The material handling system used during shaft sinking is not a
part of the material handling system of concern because shaft
sinking and tunnel face advance are entirely independent of each
other, except in the case of raise boring of a shaft which imposes
an additional load on the material handling system used for

tunneling.

® Long-haul transport aboveground is excluded from consideration
due to its dependence on local topography and other surface
considerations.

e Material handling required for erection, installation, or appli-

cation of materials and components is excluded from the system
of concern. The mechanisms used for these operations are
usually highly specialized to the materials and methods used and
are more appropriately included in an evaluation of the specific
operation rather than an evaluation of the material handling '
system.

] Gathering, consolidation, or packaging of materials is not
included in the system of concern since the need for these func-
tions is determined primarily by the nature of the material
rather than by the mode of transport.

] Loading, unloading, and transfer mechanisms which must be
compatible with the mode of transport and material being han-
dled are normally not major cost elements in long-haul transport
systems. They are included as cost elements in the system of
concern, but alternate methods are not evaluated.

.® Processing is included as a cost element of the material handling
system when required for a particular mode of transport, but
alternate processing equipment is not evaluated.

° Intermittent or temporary storage of materials is considered
only qualitatively in recognition of the fact that some transport
modes more adequately provide this function than others.

Considering these factors, the material handling system of concern is
defined as the hardware system required to transport all substances (not
carried by independent service lines) that move between the surface con-
struction support area and the underground work zones. The items of
primary and secondary consideration are listed in Table 2-1.
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TABLE 2-1

EMPHASIS OF MATERIAL HANDLING SYSTEM EVALUATION

Primary Emphasis

Secondary Emphasis

Excluded

Continuous Flow Materials:
Muck
Ground Support Materials
Materials for Systems Extension
Material Transport System

Service Lines

Long-Haul Transport
In Horizontal Tunnel
In Inclined Tunnel
In Shaft
Vertical

Inclined

Intermittent Flow Materials:

Personnel
Equipment
Supplies and Spare Parts

Discarded Material and
Other Waste

Short-Haul Equipment
Intermode Transfer
Loading
Unloading

Processing

Storage

Service Requirements:

Power

Ventilation

Water

Compressed Air
Groundwater Removal
In-Shaft Transport
During Shaft Sinking
Surface Transport

Erection, Installation,
and Application of
Materials

Gathering, Consolida-
tion, or Packaging
Materials




The continuous flow materials - muck, ground support rhate_ria.ls, and
materials for systems extension - are discussed in detail in Chapters 7,
8, and 9, respectively. The intermittent flow materials - personnel,
equipment, supplies, parts, and waste - are discussed in Chapters 10
and 11.

The material handling system of concern consists of long-haul transport
(one or more modes may be used) and auxiliary equipment for intermode
transfer, loading, unloading, processing when required by a specific
mode of transport, and storage represented by a slow moving queue.
Comparative evaluation is focused on various types of long-haul transport
systems.

TRANSPORT SYSTEM TYPES

System Requirements

A material transport system, which may consist of one or more modes of
transport for a tunneling project, must satisfy many requirements
imposed by the nature of the materials to be moved between the surface
and the work zones and by the characteristics of flow required for these
materials. For example, the material transport system must:

° Be capable of transporting bulk materials with wide ranges of
characteristics including particle sizes from fine clays and
sands through gravel to occasional large blocks and slabs;
cohesiveness from dry free-flowing material to muddy or sticky
wet material; particle size distributions in a given batch from
nearly uniform to very wide ranges of particle sizes; and ather
properties from hard, sharp, abrasive particles to easily friable
lumps.

° Be capable of transporting discrete items of material ranging
from small pieces, which may be packaged into larger units, to
large components weighing several tons each and covering a wide
range of shapes and sizes, sometimes having a dimension greater
than ten feet.

° Be capable of transporting equipment since there is a high proba-
bility that all equipment required for underground operations will
need to be transported in disassembled or assembled form by at
least the vertical or inclined portions of the material handling
system, and intermittently used equipment may be returned to a
shaft station or to the surface for storage or repair.
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] Be satisfactory for safe transport of personnel.

° Be capable of transport through horizontal and vertical or
inclined zones. '

e Be compatible with the limited cross section and single route
access provided by the tunneling project.

L Be compatible with other simultaneous activities such as ground
support system installation, movement of self-powered equip-
ment, and project support activities occurring in the work zones.

° Provide flexibility to accommodate more than one method of
excavation and ground support within a given tunnel segment.

& Provide simultaneous and continuous inbound and outbound flow
of materials.

° Economically sustain the minimum flow rate determined by the
rate of excavation and respond quickly to variations in flow rate
due to changes in the face advance rate, since space for surge
storage is very limited and continuous flow must be maintained.

° Accommodate onloading and offloading at intermediate points to
provide personnel, parts, and supplies for miscellaneous sup-
port functions; for pickup of discarded and waste material for
disposal; and to move materials from an intermediate location
in the tunnel to a forward location.

° Provide good reliability to minimize job shutdown due to material
handling system breakdown, since only very limited amounts of
material can be stockpiled at the in-tunnel work zones and inoper-
ative equipment often cannot be bypassed.

° Be capable of continuous extension of system length in pace with
the advancing excavation face.

A summary listing of these system performance requirements is provided
in Table 2-2.

Hierarchy of Transport Systems

In seeking candidate systems for transport of materials in a tunneling
project, many modes of transport may be considered to find the simplest
and least expensive scheme that meets the performance requirements.
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TABLE 2-2

TRANSPORT SYSTEM PERFORMANCE REQUIREMENTS

Material to be
Transported

Environment-Related
Factors

Material Flow
Characteristics

System
Extension

Bulk Materials
Discrete Items
Equipment

Personnel

Horizontal and vertical
or inclined transport

Compatibility with
limited cross-sectional
area

Simultaneous and
continuous bi-directional
flow over single route

Compatibility with other
tunneling functions

Accommodate wide
variation in flow
rates

On-loading and
off-loading at
intermediate points

High availability to
provide continuity
of flow

Continuous with
minimum or no
interruption of
material flow.




Any transport method has four fundamental elements, which are:

° A medium or vehicle to give mobility to the material or payload
being transported. Examples: the belt of a conveyor, the fluid
in a pipeline transporting solids, the modules or cars of a rail
system. : '

e A means of supporting the vehicle weight and the dynamic forces
resulting from its movement. Examples: the supporting frame-
work of a conveyor, the pipe and supporting structure of a pipe-
line,  the railway or guideway of a rail system.

e A means of providing propulsive force to the vehicle. Braking
forces also are required if the vehicle must reduce speed for
loading or unloading material. Examples: a rotating wheel,
sprocket or drum for a conveyor, a pump for a pipeline, a
locomotive for a rail system, the motor in a self-propelled
vehicle.

® A means of providing guidance of the vehicle along the desired
path. Examples: the supporting structure for a conveyor, the
pipe in a pipeline system, the rails and flanged wheels of a
railroad, the operator of a truck.

The alternate possibilities for the mode or modes of transport can be
categorized by these fundamental elements to identify more clearly their
basic similarities and differences. Figure 2-1 shows a structured rela-
tionship or hierarchy for the more likely candidate systems for application
to transport in a tunneling project. Several additional specific examples
could be cited, but upon examination they appear to be further subdivisions
or variations of those shown, or they appear to be unworthy of serious
consideration for the application of concern.

Two major categories of systems are identified based on the flow charac-
teristic of the payload and the conveying medium. In continuous flow sys-
tems the medium generally moves as a continuous stream in a closed loop
and payload material is continuously added to and removed from the moving
stream at the loading point and destination, respectively. In unitized flow
systems the transporting medium is divided into mechanical modules or
vehicles which subdivide the payload into discrete units of material. These
modules may travel individually or be linked together to form a train, If

a series of trains were to operate with no separation between trains and
move continuously around a closed loop track with loading and unloading
while in motion, the unitized system might be considered to be a hybrid
form of continuous system. However, it is more appropriate to class

this scheme with the unitized systems because modules or complete train
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units can be removed from the moving loop and replaced without disrupting
operation of the remainder of the system. This is not a characteristic of
the continuous flow systems.

Continuous flow systems which are discussed in Chapter 3 can be divided
into two types:

° Conveyors, in which the transporting medium is a mechanical
device; and '

e Pipelines, in which the medium is a fluid such as water or air.

The distinguishing characteristic of conveyors is that the mechanical
transporting medium, often some variation of a belt, forms a continu-~
ously moving closed loop usually driven by a rotating pulley, sprocket,
or drum at only one point in the loop. The belt loop, extending from the
idler or tail pulley at the loading end to the drive or head pulley at the
discharge end constitutes a single flight. The length of a single flight is
limited by the load carried, the strength of the belt, and the traction
between the drive pulley and the belt. Several flights may be used in
series to extend the travel distance. The angle of ascent of a belt con-
veyor is limited by the tendency of the payload material to slip on the
belt. The load per unit length of belt is limited by the angle of repose
of the material and the belt strength.

Several modifications have been used to enhance the capability of con-
veyors. The edges of flat belts have been turned upward forming a
trough to increase the load capability, or the edges have been brought
together over the top of the material forming a closed tube to hold the
material on the belt at high speeds or steep angles of ascent. Belts have
been convoluted or stops or pockets added to the surface to segment the
payload and increase the permissible angle of ascent. Belts are rein-
forced or supported by cables to increase their strength. Chain support-
ing the belt and driven by sprockets may be used to increase traction.

‘A novel suggestion(l) to overcome the limitations of the single point drive
is the development of a linear induction motor belt conveyor. Another
suggestion for improved performance of a troughed belt conveyor,
described in the same reference, is the use of an air cushion to provide
continuous support of the belt thus reducing belt tension and wear.

For vertical or near vertical lift the belt has been completely segmented
to form containers or buckets attached to a chain or cable support. As
the angle of ascent increases a larger portion of the weight of the belt and
the payload must be supported by the head pulley until, in the vertical
case, the entire weight is supported at this single point. This limits the
practical height of hoisting by a conveyor type system.

2-11



Support and guidance of a conveyor system is provided by a structural
framework and idler rollers which keep the belt in a predetermined path.
This path normally cannot make sharp changes of direction or angle of .
incline and maintain proper operation of the belt. The serpentine conc‘epi;"<
has overcome the limitation to a large extent by the use of convolutions

in the belt and rollers which travel with the belt in a confining guideway.

Based on these modifications of the basic conveyor concept, conveyor
systems can be categorized as belt conveyors with flat, troughed, or
closed belts or as segmented conveyors represented by the serpentine or
convoluted belt conveyor and the bucket elevator.

Pipeline systems can be classified as hydraulic or pneumatic, based on
the type of fluid used for the transporting vehicle. The fluid stream
moves in a closed loop, although in some cases this is not readily
apparent. For example, in the case of a hydraulic slurry pipeline using
an abundant water source at the input end and discharging without recircu-
lation, the closed loop is formed by the replenishment of the water source
through some path of nature. A pneumatic system usually operates
through a single pipe depending upon the normal flow of air for the return
path. In a tunneling application, the tunnel would provide the return pipe-
line, thus providing tunnel ventilation as an added benefit. In the absence
of an abundant supply of water, a hydraulic system would require two
pipelines over the entire route to carry the slurry and to return the water
stream for reloading with payload material.

The moving stream in a pipeline system is propelled by the pressure dif-
ferential provided by a pu_rhp (usually called a blower or compressor in
the pneumatic case) or series of pumps. This source of motive power
can be at a single location in the system or as booster pumps at several
locations. Another possible arrangement to extend the range of the sys-
tem is to operate more than one loop in series, feeding material from one
loop to the next. The preferred scheme is dependent upon the particular
situation.

In pipeline systems, the pipe provides both guidance and support for the
payload and conveying vehicle. The pipe may be placed directly on the
ground or supported by hangers or racks as desired. Precise alignment
is usually not a critical factor for pipeline systems.

*Developed as the Serpentix by the Serpentix Conveyor Corporation,
Denver, Colorado.
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Unitized flow systems which are discussed in Chapter 4 are classified by
the guidance method as

® Guideway systems, in which vehicles or modules travel on steel
or concrete rails or other guiding structural elements, and

° Free vehicle systems, in which self-propelled vehicles or trains
are guided individually through any acceptable path on a suitable
surface.

Free vehicle systems have maximum flexibility in regard to their travel
path, but this is paid for through increased cost for operators or complex
remote guidance systems. Although free vehicles can be operated as
trains to reduce operator cost, this appears impractical in the confined
space of the tunnel environment. The increased flexibility of the free
vehicle is of questionable value in the confined space and single-route
access provided by a tunnel. Free vehicles which appear to have some
possible merit for a tunneling project are designated as transloaders
suitable for short-haul applications and trucks for longer-haul situations.

Another form of free vehicle, known as ''ground effect machines' or
"hovercraft,'" is the air cushion vehicle (ACV) which lifts itself a short
distance above the running surface by a fan-generated cushion of air.
Much development work on this concept has taken place in the past ten
years to develop water vehicles and general purpose machines for the
military, and a version of this concept has been put into commercial
operation crossing the English Channel. However, as reported by
Solomon and Silien,(2)

"With the exception of water transport, where immersed craft
usually experience an extremely high drag coefficient even at
low speed, ACVs have shown little application for urban trans-
portation. Since most wheeled vehicles already have a low
rolling resistance at urban speeds, there would be little energy
savings using an ACV on land."

The disadvantages of the AVC concept such as noise, scattered dust, and
difficulty of maneuvering in close quarters would seem to more than offset
any possible gain from an application of this concept in a tunneling
situation.

Guideway systems can be subdivided into subcategories based on the type
of guideway used. The designations selected to identify specific transport

modes or a group of modes are:

° Conventional rail - Dual rails with transport modules traveling
on top of the rails which also provide guidance for the vehicles.
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° Siderail - Transport modules traveling between and supported by
rails or other structural members at the sides of the modules.

] Monorail - A single rail with transport modules traveling on top
or suspended below the rail which guides the vehicles along the
predetermined path.

[ ] Hoist - A transport module traveling vertically or near verti-
cally between guiding elements at the sides of the module which
is supported and propelled in a reciprocating manner by a cable.

Other guideway concepts which have been suggested or used for limited,
specialized applications include the aerial tramway, a dual rail system
with one rail above and the other below the vehicles, and the tracked
fluid suspension system.

Aerial tramways originated in the mining industry for the purpose of
moving materials over inaccessible terrain. Variations of this method
of support and guidance include tramways for passengers ascending
mountains or crossing rivers and valleys, and ski chair -lifts. These
systems usually support the vehicles on a wire rope cable or a pair of
cables. The support cable may also propel the vehicle or a separate
cable may be used for propulsion.

The basic principle involves a continuous wire rope riding on pulleys
placed at either end of the loop, one of which (the drive pulley). is con-
nected to a power source for moving the rope. A counterweight is con-
nected to an extension of the loop back of the drive pulley to provide
tension. Support towers with vertical pulleys mounted on cross-arms
are spaced at intervals (usually on high points of the terrain) along the
loop to compensate for the catenary effect. Suspension arms (supporting
carrier modules) are attached to the rope at intervals.

A top suspension system, such as used with monorails, could be used for
supporting the rope loop in a tunnel. To reduce the catenary effect of the
ropes, they could be made to ride on rollers in the bottom of an L-shaped
trough which would then be supported as mentioned above. This continu-
ous support of the cable or the vehicles would transform the aerial tram-
way into a hybrid form of monorail system with cable drive.

The special top-bottom dual rail approach, which was built(2) under the

names of several of its inventors between 1880 and 1910, appears to have
no advantage over the conventional rail concept.

2-14



Wheeless, tracked, fluid suspension guideways which are under study for
a.pplicatibn to rapid transit'passenger systems where speed, passenger
comfort and quiet operation are of major concern, appear to have little
potential for material handling at the relatively low speeds required for
a tunnel project. Solomon and Silien(2) have pointed out that major prob-
lems to be overcome for successful operation of this concept include
compensation for energy wastage needed for lift at low and zero speeds
and insignificance of energy saved compared to wheeled vehicles at
moderate speeds (50 to 100 miles per hour).

The distinguishing characteristic of a hoist is the reciprocating cable
drive. Because of the resulting bi-directional travel along the guideway
which can be rails, rods, or wire rope, only one module can be used on
a guideway unless a properly located double-guideway passing zone is
provided. A single hoist can handle two transport modules with one
attached to each end of a continuous cable passing over a drive unit such
that one module is raised as the other is lowered. The modules can
travel on separate guideways or, conceivably, on a single guideway with
a passing zone. If this balanced hoist arrangement is used on an inclined
guideway, it becomes a form of Funicular railway as sometimes used to
transport people on steep inclines. If a scheme is devised to allow the
cable to operate as a unidirectional loop so that more modules can be
attached to it, the hoist becomes a form of bucket elevator. If the cable
drive is replaced by another drive method such as a rack and pinion as
used in a cog railway, the hoist becomes a form of conventional rail or
siderail system depending on the location of the guide rails.

Monorail, siderail, and conventional rail systems can be propelled by
any one of several drive methods, such as:

° Locomotive Drive - A mobile power unit pulling or pushing one
or more transport vehicles. The energy source can be mobile
(e.g., a diesel engine) or centralized (e.g., an electric
locomotive). :

° Self-Propelled - A mobile power unit installed as an integral
part of the transport vehicle. The energy source can be mobile
or centralized.

° Sidewheel Drive - Stationary drive wheels mounted at the sides
of the guideway to bear against the transport vehicles and propel

them by the rotation of the drive wheels.

° Cable Drive - A unidirectional loop of cable to which transport
vehicles are attached.
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° Linear Induction Motor - An electric motor with part of the
inductive system mounted on the guideway and part on the
transport vehicle, or locomotive, arranged in such a way that
the flow of current produces a propulsive force on the vehicles.

The locomotive system concentrates the power sources, and hence

weight, in a few units which depend upon traction between the locomotive
wheels and guideway rails to propel the train of transport vehicles. The
power unit must be sized for the maximum train fully loaded and oper -
ating on the maximum grade. For less severe conditions the power
capacity is not fully utilized. The limited traction available limits the
grade on which locomotive systems can operate. Using electric motors
to drive wheels on each car improves the traction and the system becomes
a hybrid between locomotive and self-propelled. In some cases the weight
concentration requires heavier rail and roadbed support than required

for a more uniformly distributed system.

Self-propelled vehicles provide improved traction since there are more
drive wheels per unit load and more uniform load distribution. However,
the power capability required for steep grades is not fully utilized when
operating in horizontal travel and the economy of scale for large power
units is lost. '

The side-wheel drive improves the traction and power distribution charac-
teristics of the propulsion system by placing a larger number of drive
units, using rubber tires for better traction, in acceleration zones, and
on inclines where more power is needed. This eliminates unused power
capacity if the power units are kept in constant use. For infrequent train
operation, locomotive systems or self-propelled vehicles may be more
economical.

The cable drive is dependent on traction between the cable and the rotating
drive wheel, which moves the cable, to provide propulsion to the transport
vehicles. It is, therefore, limited in the number of vehicles it can simul-
taneously propel up a steep grade. Operating as a balanced system with
loaded modules simultaneously descending on the return portion of the
cable loop increases the number of modules which can be carried. The
component of the cumulative weight of the modules which must be sup-
ported by the cable is another limiting factor for this drive method. The
cable drive system is similar in principle to a bucket elevator operating
on an incline.

The linear induction motor eliminates the dependence on adhesive traction
to provide propulsion to the vehicles. This form of motor is derived from
the rotating motor by a process of cutting and unrolling both the primary
(stator) and secondary (rotor) members and then greatly increasing the
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length of one of the unrolled members. If the primary member is the one
with the increased length and which lies on the ground, the application of
poly-phase a-c power to its windings will induce currents in the short-
circuited secondary and produce thrust between the two. The thrust will
impart a linear motion to the secondary member. With further develop-
ment the linear induction motor concept may be attractive for application
to transport in tunnels since, in addition to the elimination of adhesive
traction, there are no wearing parts such as gears or bearings, the motor
is noiseless and vibration-free, no air pollutants are produced, and mov-
ing parts of the motor are light weight, thus enhancing the ability to
accelerate and to climb steep grades. One disadvantage of this concept
is the fact that a rather close-tolerance air gap must be maintained
between the moving and stationary members of the motor. In the severe
environment of a tunnel project this might be a source of maintenance
problems.

The 'locomotive drive," ''sidewheel drive,'" and ''cable drive'" designa-
tions have been selected to identify specific modes of transport in the
conventional rail category. They are defined as follows:

° Locomotive Drive System - A train of open-top cars travelling
on a conventional dual rail guideway and propelled by a diesel
or electric locomotive.

° Side-Wheel Drive System”< - A train of open-top cars travelling
on a light-weight, conventional, dual-rail guideway and propelled
by stationary, rubber-tired, rotating wheels spaced along the
sides of the guideway. '

° Cable Drive System - A unidirectional, constantly moving cable
loop with open-top cars travelling on conventional rails attached
for propulsion up or down a steep grade. The cars are added to
and removed from the system at the ends of the cable loop.

Although the siderail support and guidance concept could be developed with
any one of the five propulsion methods, the designation ''siderail' is used
in this study to identify a specific mode™®* of transport. The major fea-
tures of this system are the dual-rail (I-beam) support and guidance

>"Developed as the SECCAM by Societe Industrielle De Lattre Le Vivier,
Le Vivier, France.

**Developed as the Dashaveyor by the Dashaveyor Company, Los Angeles,
California.
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located at approximately the vertical mid-point of the vehicles, the two
electric motors for propulsion mounted on each module, the pneumatic
tires and supplementary rack and pinion drive used for improved traction,
and the automatically opening and closing covered cars.

The monorail concept for guidance and support of transport vehicles has
been proposed and in limited use primarily for demonstration purposes

since the early nineteenth century. The lack of apparent economic suc-
cess of this concept perhaps is explained by the observation of Solomon

and Silien(2) that

"Unfortunately, the facts of structural engineering dictate that
(monorail) systems where vehicles are the same size, weight,
and carrying capacity would require structures neariy identical
in size to those needed for conventional systems."

and/or the comment of Davidson(3) that

"Assessment of this evidence (that an alternate scheme will
accomplish more effectively or economically the functions of
support, propulsion, guidance, switching, and lateral stabili-
zation) leads to the conclusion that contemporary monorail
schemes are markedly inferior to standard—gauge, dual-rail
systems in performance of one or more of the required
functions."

However, in the special environment of a tunneling project, where floor
space is at a premium, this concept might be considered if it can be
assumed that structural support of an elevated monorail suspending trans-
port modules can be provided by the walls or crown of the tunnel. Over
rough terrain requiring major modification of the surface to sup‘portva
continuous roadbed for a conventional rail system, either the monorail or
siderail concept, which can have point contact with the surface, perhaps
would show some economic advantage for the support system. Any advan-
tage of this nature may be difficult to realize for the more uniform terrain
in a tunnel. '

Comparison of System Types

Although it is difficult to make generalized statements without the risk of
challenge regarding the differences and similarities of continuous and
unitized systems, some observations, which seem valid in most cases,
can be made if continuous systems are recognized as those in which the
transporting vehicle is continuously moving as a closed loop and unitized
systems are those in which transporting modules or groups of modules
can be controlled independently of each other. These observations, based



on the discussion that follows and on the descriptions of the various
transport modes in Chapters 3 and 4, are summarized in Table 2-3.

Operational limitations related to the physical characteristics of the
muck are summarized for the various transport systems in Table 2-4.
This includes the maximum size of the blocks of material to be trans-
ported; the result of moisture being present; the effect of stickiness,
density, and heat of muck; and the shape of the material.

Further operational limitations on the various systems are found in the
first two columns of Table 2-5. These refer to the maximum grade on
which the systems are capable of operating including vertical lift appli-
cations and the maximum speeds or transport velocities which are con-
sidered to be practical for a tunneling application. The operating speeds
indicated for the unitized systems in most cases are lower than the maxi-
mums of which they are capable. However, they are adequate to sustain
the mass flow rates encountered for the range of tunnel diameters and
face advance rates considered in this study.

Both the continuous-flow and the unitized transport categories contain
systems which are capable of operating in a vertical-lift or steeply
inclined attitude as well as a horizontal attitude. This feature can elim-
inate the need for a material transfer mechanism at the shaft base.
Table 2-5 also points out the inherent inability of the continuous-flow
types of transport to handle more than one type of material, while the
unitized types are capable of transporting bulk materials and other items
needed for tunnel construction as well as personnel.

Control systems for continuous-flow transport methods will have to auto-
matically regulate material feed rates at the loading point, the flow in
transit, and the flow at the unloading or transfer point. Where a pipeline
system is used, the transport velocity and system pressure will have to
be monitored and controlled. Automatic interlocking shutoff devices will
be required to minimize the damage which might be incurred should there
be a rupture in a pipe. All pressure, flow, and safety shutoff devices
should be connected to a warning system which, when in operation, would
alert maintenance personnel. Pipelines and conveyor belts will require
surveillance over the system for its entire length.

Where feasible, the unitized transport traffic should be automatically
operated and monitored to a predetermined schedule in order to minimize
the hazards of manual operation of a complex traffic system. If a trans-
port unit fails, the control system must isolate the failed unit and, if
possible, automatically route all other traffic around it or remove the
unit from the system. If the failure involves a guideway or roadbed, it
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TABLE 2-3

COMPARISON OF TRANSPORT SYSTEM TYPES

Item

Continuous

Unitized

Carrier media

Closed loop

Modular

Media flow

Continuous

Intermittent or continuous

Guideway

Continuous loop

‘Dead end or loop:

IL.oad and unload

Continuous

Intermittent or continuous

Power unit
capacity

Single unit requires maxi-
mum capacity at initial
installation; may use
series or booster units.

Units added as needed;
size depends on module
size.

Material carried

Only bulk materials

All materials

Payload

Single material; continu-

ous, unidirectional flow.

Multiple materials; modu-
lar, bi-directional flow.

Flow variation

Difficult to accommodate
unless capacity in excess
of normal requirement is
available in system.

Can accommodate by
varying number of
modules in system.

Guideway failure

Complete system shutdown

Can be bypassed in many
cases

Carrier failure

Complete system shutdown

Module removed from
system

Lift capability

Fluid media - vertical

Belt media - limited

Traetion drive limits
angle of slope

System extension

Hydraulic - difficult

Less difficult

Tunnel cross
section

Minimum required.
Depends on media flow
rate.

Depends on module
spacing and speed.




TABLE 2-3 (continued)

Item | Continuous Unitized
Structural Can support from wall and |Wall and crown support
support crown. No roadbed. feasibility depends on

module size. Some modes
may require prepared

roadbed.
Automatic Less complex More complex due to
control cyclic operation.

must be located and traffic must be stopped or routed around it. System
surveillance may be performed by electronic means, by patrol, or by a
combination of both, depending on the specific requirements.

System unloading will involve the use of transfer mechanisms at the base
of the shaft unless the transport system is of the type that can operate
horizontally as well as on a steep incline, or as a vertical lift system.
As shown in Table 2-5, the hydraulic and pneumatic pipelines in the con-
tinuous flow category are capable of vertical lift transport. Some types
of conveyors (including the closed or zipper conveyor, the serpentine
conveyor and the bucket elevator) are used as vertical lift transport
mechanisms for relatively short distances and low tonnages. Belt con-
veyors are generally restricted to a maximum slope of 51 percent (about
27 degrees), depending upon the angle of repose of the transported bulk
material. If used in a tunnel where access to the surface is through a
vertical shaft, a belt conveyor would discharge its material into a trans-
fer mechanism for transport up the shaft by another mode.

At the present time, there are several types of commercially available
unitized transport systems with vertical or steep incline capability which
can perform both horizontally and for vertical lift. The siderail type of
system accomplishes the vertical lift by means of a rack and pinion drive.
Another unitized system which can operate vertically is the hoist, which is
designed primarily for that application and is not normally adaptable to
horizontal operation. The remainder of the unitized systems are confined
to operation on slopes of 45 degrees (100 percent grade) or less. The
side-wheel drive, conventional rail system is claimed to be able to nego-.
tiate 100 percent grades. Various types of power assistance mechanisms
can be applied to unitized transport systems in both upgrade and downgrade
situations. These include a cable tow and an electrical booster which,
when applied to a system, have proven to be effective in increasing the
system's capability to operate on steeper than normal grades.
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MUCK PROPERTIES RELATED TO TRANSPORT SYSTEMS

TABLE 2-4

Physical
Characteristics
of Muck (c) Heat and (d)
Block Size Moisture Stickiness Density Miscellaneous Shape
Mode of Factors
Transport
Conveyors To one-fourth belt Will drain off in transit. | Will load belt Tonnage increases May require All.
width. excessively. (b) with higher density. special belts.
200°F +.
° Incompatible.
3
3 -
2 | Hydraulic Need 50% < 0.002 inch. Presence favors Implies moisture High density increases | Probably OK. Flaky materials
‘E May be large block system. OK. tonnage and critical Steam may be | favored.
LO) limits. velocity. generated.
Pneumatic Works better with Dry material better. Cannot handle sticky | High density increases | May require Flaky materials
small material size. Some mojsture OK. material. tonnage and critical insulation. favored.
velocity.
Conventional Rail | All. High content may affect OK, but may require Tonnage increases May require All.
rail ballast. shaker for with density. insulation.
unloading.
Siderail Limited by module Will drain in inverted Difficult to unload. Trmnage increases May require All.
size; 6 inches OK.{3) position. Special elec- with density. insulation.
o trical features required.
N T
-'é Monorail Limited by module Will drain off in transit. | Difficult to unload. Tonnage increases May require All.
o] size; 6 inches OK. (a) with density. insulation.
Hoist All. Will drain off in transit. May require special Tonnage increases May require All.
unloading feature. with density. insulation.
Free Vehicle All. High content will affect May require special Tonnage increases May require All.
road requirements. unloading feature. with density. insulation.

(a) Blocks in excess of 6 inches may require crushing.

(b) Sticky materials incompatible with conveyors and pneumatic systems.
(c) Density not a critical factor due to low percentage of very light or very heavy rock.
{d) Muck shape a minor factor.
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TABLE 2-5

CAPABILITIES OF TRANSPORT SYSTEMS

Operational

Materials Handled

Maximum
Capabilit: Grad Maxi ‘
P Y race aximum For Steel Personnel Lumber,
Including Transport : - Large
) Transport Wet or Dry Supports and Small Beams, i
Mode of Vertical Speed R : Construction
Transport Lift System Bplk and Miscellaneous and Equipment
Extension Liners Packages Rock Bolts -quip
Conveyors Sl%(a) To 20 fps No Wet - No No - No~ No No
° (1200 fpm) Dry - Yes
5
o .
f:’ Hydraulic Vertical To 15 fps No Wet - Slurry No No No No
'g (Preferable)
o
O | Pneumatic Vertical To 100 fps " No Wet - No No No No No
Dry - Yes
Conventional Rail S%(C)' To 59 fps(b) Yes Wet - In Containers Yes Yes Yes Yes
1009 (40 mph) Dry - Yes
Siderail Vertical To 73 fps(b) Yes, in small Yes, in small Yes, in small Yes Yes, size ~No
(50 mph) quantities quantities increments limited
o
] )
B | Monorail 100% To 73 fps(b) Yes, in small Yes, in small Yes Yes Yes, size No
-‘é (50 mph) quantities quantities ' limited
=]
Hoist Vertical(d) To 60 fps(b) ~ Yes Yes Yes Yes * Yes Yes, in
(3600 fpm) increments
Free Vehicle 14% To 51 fps(b) Yes Wet - In Containers Yes Yes Yes Yes
(35-mph) Dry - Yes :
(a) Troughed belt conveyors. Other types such as zipper conveyors and bucket elevators used in vertical lift applications of relatively limited capacities and
distances.
(b) Assumed speed limitation for operation in tunnel; 40 mph may exceed cable drive capability.
(c) Locomotive, 5%; sidewheel and cable drive approach, 100%.
{d) Hoist not adaptable to horizontal operational attitude.




The mass flow requirements for the transport system vary with the
cross-sectional area of the tunnel and the advance rate of excavation.
This applies both to the transport of muck from the working face and the
inflow of tunnel support materials, and personnel. Mass flow require-
ments for muck range from 95 tons per hour for an advance rate of 300 feet
per day in a 10-foot tunnel to 7, 645 tons per day for an advance rate of
1,500 feet per day in a 40-foot tunnel. The inflow of construction and
tunnel support materials can be equivalent to as much as 30 percent of
the outflow of muck in tons per hour. This percentage can vary consider-
ably, since it is dependent upon the type of tunnel supports required, and
the type of transport system being used. For example, conventional rail
and free vehicle systems might require some kind of roadbed on which to
operate and the material required for this bed could represent a large
portion of the incoming materials. Ground support materials can vary
from none for highly competent rock to several tons per foot of advance

if full circle support is required.

Table 2-5 summarizes the general types of materials which can be handled
by the various types of continuous flow and unitized transport systems.
This chart was developed for normal tunneling operations and may not
include all special cases.

Extending a transport system of either basic type while maintaining con-
tinuous loading capability results in serious interface problems. These
are apparent to a greater degree in the continuous-flow transport group
than in the unitized transport group. Thisisdue tothe fact that the vehicle
in a continuous-flow system must be in operation without interruption to
be effective. A broken conveyor belt must often be unloaded, at least
partially, to repair it or splice in a new section. Stoppage in the flow of
a fluid system allows the payload material to settle and resuspension may
be difficult. On the other hand, the unitized systems are cyclic in oper-
ation and conceivably could withstand a disruption in the loading schedule.
Fluctuations in loading rates could be compensated by adjusting transit
speeds and the number of carrier units used.

Up to the present time, experience is lacking in the technique of extending
a transport system of either basic type while maintaining uninterrupted
operation of the system, particularly when the point of system extension
is in the loading zone as must be the case for a tunneling projéct.
Although conveyors and conventional rail systems have been extended in
tunneling operations, the extension tasks were accomplished at times
when the excavation equipment was not operating. There is no evidence
of either a hydraulic or pneumatic pipeline system being advanced while
in operation, as they are usually utilized for a fixed point-to-point type

of transport. A sliding floor which permits loading to continue during



system advance has been used in some cases. However, there is little
available evidence to indicate that this scheme has been used to keep pace
with the excavation equipment on-a continuous basis rather than to advance
sequentially with excavating and mucking equipment as is the more com-
mon practice. It is apparent that there is a definite requirement for
technological advances in the field of transport system extension methods
which would be compatible with the projected tunnel advance rates.

In a continuous-flow transport system, all elements of the system must
function during the full time of system operation. If any one of the sys-
tem components fails, the entire system will have to be shut down. It is
conceivable that during a 4-month operational period, a failure could
occur which would require replacement of one or more of the system
components. Therefore, in order to minimize the time lost by system
shutdowns due to failure of components, it might be well to assume that
inventories of spare parts contain a sufficient quantity to rebuild 5 per-
cent of the linear length of the completed system. These spares would
be in addition to the components required for normal system extension.

Unitized systems present a different problem in that the failure of a sys-
tem component would not necessarily mean a complete system shutdown.
In the event of a guideway failure on a double-track conventional rail sys-
tem, the break could be isolated through use of cross-over switches and
the traffic rerouted around it. When repairs are completed, the traffic
would return to its normal pattern. Should a load carrier unit fail, it
could be routed out of the traffic pattern and replaced by another unit.
Although, in principle, the same emergency measures could be taken for
the siderail and monorail systems; in practice, bypassing a guideway
failure in these systems may be more difficult than for the conventional
rail systems due to the more complex structures used for the guideway.
In any case, a guideway failure requiring bypassing would tend to diminish
the capacity of the system since a portion of the guideway would need to
be used for two-directional traffic. The closer together the trains or
modules were operating on the guideway, the greater would be the effect
on the system capacity.

Failure of the drive cable or the guideway in a cable drive or hoist sys-
tem would cause a complete shutdown since the vehicles can travel only
on the path of the cable and cannot be switched from one leg to another of
the guideway. '

Spare parts inventories for unitized guideway systems should include at
least one drive unit replacement and 5 percent of the required total of
load-carrying modules. For free vehicles, the inventory should include
an extra 25 percent of spare vehicles as well as additional vehicle com- -
ponents. Free-vehicle failure would mean immediate replacement of a

2-25



unit with repairs being accomplished in the maintenance area. The
design of any of these transport systems should include provisions for
modular replacement of components and subsystems for both scheduled
and unscheduled maintenance.

In general, the continuous-flow transport systems occupy less tunnel
cross-sectional area than the unitized systems because the payload
material is more uniformly distributed over the length of the tunnel.
They can be installed on the sidewall of a tunnel, thus releasing floor
area for the unitized systems which are required to transport the con-
struction materials which cannot be handled by the continuous systems.

Figures 2-2a, 2-2b, 2-2c,and 2-2d show a comparison of the cross-
sectional areas occupied by the two types of systems in tunnels ranging
from 10 to 40 feet in diameter. Circular tunnels were selected for
illustration because more of their cross-sectional area would have to be
sacrificed for roadbed usage than that of horseshoe or vertical-walled
tunnels.

AUXILIARY EQUIPMENT

The auxiliary equipment required to supplement the transport modes in a
complete transport system is determined by the transport modes selected
and, in some cases, by the method of excavation used. In making com-
parison of alternate transport modes, any auxiliary equipment required
for satisfactory operation of a particular mode should be considered as
part of that mode in order to obtain a valid comparison of modes.

The auxiliary equipment can, in general, be categorized by function as
loaders, transfer equipment, unloaders, and processors.

Loaders

Loaders for Conventional Excavation - Where conventional excavation is
used and the muck is produced by drilling and blasting, the loader must
be more rugged and adaptable to handling blocky and abrasive material.

In smaller tunnels up to 10 or 20 feet, the overshot loader is used almost
exclusively. The overshot loader, which can be either air or diesel-
operated, is a very compact unit and is either rail or crawler track
mounted. It loads by crowding the bucket into the muck pile, shoveling

it up, and throwing it back over the rear of the machine. Itis designed

to swing in a radius of approximately 120 degrees and is extremely maneu-
verable and fast loading. The material thrown over the back of the unit is
generally loaded either onto a conveyor belt or into a transfer unit, which
could be a belt or a scraper, and then into rail or rubber-tired cars. For

side-loading, diesel mucking machines may be equipped with a side dump
"LIBU" bucket.
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A unit slightly larger in capacity is the Conway electrically operated
mucker which is equipped with a tilting dipper. The unit crowds into the
muck pile in a manner similar to the overshot loader, but by making use
of a tilting bucket which pivots on the forward crowding boom, it dumps
its load back onto a pan which in turn feeds onto a conveyor belt. The
belt then carries material back, up, and over the Conway mucker either
into cars or onto a conveyor belt. '

For the larger tunnels and especially ones of shorter length, the unit
which is gaining much favor is the transloader, or dumpster type. This
unit is usually rubber-tire mounted and crowds its way into the muck pile
similar to both the overshot loader and the Conway mucker; it differs in
the way it dumps its large bucket into a container immediately behind the
crowding bucket. The unit normally fills its bucket within two or three
scoops and then has the capability of backing up, turning, and running at
a fairly high rate down the tunnel to deposit onto some other conveyance;
or, in many cases, it simply dumps its load into a pocket previously con-
structed on the side of the tunnel until the round has been mucked out.
Operating in this manner, it is capable of clearing the face very rapidly,
allowing for drilling and blasting of the next round to continue while the
transloaders either pick up material and carry it out of the tunnel or load
it onto some other primary conveyance system.

Another type of loader which has undergone considerable development is
the scraper or grab-type loader. This unit has been used more in the
European tunnels and on excavations in foreign countries than in the
United States. A similar unit is built by Wemco™ in the United States.

It operates by scraping the material back from the face onto a conveyor
belt or pan feeder by means of grab arms which are usually hydraulically
powered. A '"'duckbill" loader made by Joy** is often used in loading
slabby material such as shale or coal. This is an electric loader with an
apron which is crowded into the muck pile. Two arms, by alternate
movements, rake the muck up the apron onto a conveyor belt. Some units
have slusher type buckets mounted on a forward boom which brings the
scraper forward, drops it into place; and then either by cable or hydraulic
arms, scrapes the muck back onto the feeder. In very large tunnels or
underground excavations, the conventional swing type shovel is used.

This unit is adaptable only to large excavations and does not have the
speed of operation of the other type loaders. However, where reliability
is important and the speed of loading is secondary, this unit has its
application.

*Wemco Division of Envirotech Corporation, Salt Lake City, Utah.
**Joy Manufacturing Company, Pittsburgh, Pennsylvania.
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- Loaders for Mechanical Boring Machines and Continuous Miners - The
loading equipment used with mechanical type boring machines is usually
designed as an integral part of the boring machine. Generally, it falls
into one of three categories. The most commonly used is the rotary
bucket elevator which is attached to the boring head and rotates with the
bits. - These elevator buckets are rigidly attached to the head and scrape
up the material from the bottom and sides of the tunnel as the head
rotates, carrying it to the top where they are inverted and deposit their
load onto a conveyor or other type of transfer feeder.

A second type of bucket elevator is the chain-bucket type which is nor-
mally used on continuous miners in the coal industry. These units have
the capability of cleaning a flat surface on the bottom of the tunnel as it

is required for the bottom of a horseshoe tunnel. The buckets move from
side to side against the heading, and carry the material to the top side of
the boring machine by a chain driven on a sprocket and gear arrangement.
They then are inverted and dump their material onto a transfer conveyor
or a transfer feeder.

The third type of loader used with the mechanical moles has been devel-
oped in the European countries where the multiple head boring machine
is used. This unit usually consists of several rotary heads driven by
independent motors. The entire configuration is normally mounted on a
central shaft and is rotated at a slower rate than the cutter heads in such
a manner as to cover the entire face desired for excavation. With this
type of unit, a scraper or hoe-type loader is sometimes applied. This
unit consists of hydraulically operated scrapers or hoes which pull the
muck back from the face and deposit it onto a conveyor or a transfer
feeder. With some designs the rotary elevator bucket is also used.

Loaders for Hydraulic Transport - In most cases, loaders for hydraulic
transport will not differ appreciably from those for conveyor loading or
other types of conveyance, as the prime requirement is to get the muck
back from the face and put it onto some transfer mechanism. In a
hydraulic transport application, all of the previously described loaders
could be used to carry the material back to a hopper or sump, where the
water will be mixed with it.

As there have been only one or two recorded tunnels in which hydraulic
transport was tried, there has been very little development done in this
area. From this, it appears that this type of transport for closed-circuit
operation will borrow techniques used at two separate mines . (one in
Michigan and one in France) as well as from numerous other types of
open-circuit loading systems which have proved satisfactory in various
metallurgical mills. The closed-circuit systems, which conserve the
power of the hydrostatic head, consist of screw-type conveyors which



inject the solid material into the water line. Another type makes use of a
lock and tank system, feeding the material into the line under hydrostatic
pressure. Another system as yet untried employs the use of an eductor
coupled with a suction pump, which also injects the muck into the line
under hydrostatic pressure. None of this equipment has been developed
for tunnel use, but it should find applicability when hydraulic transport is
fully developed for tunnel operation.

Transfer Equipment

Transfer equipment consists primarily of conveyors, transfer pan
feeders, or apron feeders. Also, scrapers, slushers, and bins with
automatic or manually operated valves are used.

Conveyors generally consist of two major types. One type is the exten-
sible telescoping conveyor which normally consists of a set of conveyors
stacked vertically and mounted on the back end of the mole, or ona -
structural rack or gantry which can be towed behind the loading equip-
ment. The top conveyor normally is loaded first; and then by cascade
action, each successive conveyor is loaded as it is extended. This
arrangement allows forward movement of the gantry conveyor unit as it
follows the advance of the heading while continuing to load onto a primary
transport system, such as railroad cars or conveyor. Another conveyor
type of transfer mechanism is the tripper conveyor unit, which is not
used extensively underground but should be very adaptable. This unit-
consists of a movable head pulley and chute arrangement which is capable
of traversing the full length of the conveyor belt; and by discharging into
the chutes, it is capable of loading other belts or cars on either or both
sides of the conveyor.

Pan feeders are normally divided into two groups: the electrically-driven,
vibrating type and the mechanically eccentric driven unit. Both of these
operate on the principle of propelling the material forward due to the
eccentric vibration of the pan. They are especially adaptable for use
with dry material without too many large boulders. For use with heavy,
coarse boulders, the apron feeder becomes the most usable piece of
equipment. This consists of very heavy steel plates driven over chain
sprockets, the flat plates being linked together with pins similar to that
of the tread of a crawler-tractor. Both pan feeders and apron feeders
are equipped with sideboards and are capable of carrying the material
in either direction. Belt feeders are used for smaller sized material.

Bins and chutes are quite typical of transfer equipment, especially at the

base of shafts or junction points in the tunnel. The bins provide surge
capacity and permit material to be passed in several directions by the use
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of automatic or manually operated chutes. Bins may be used strictly for
surge, or they may be used as measuring pockets to measure the proper
quantity of material for skips or other transport modules.

Unloaders

Unloaders can be classified into two major types; those which are
installed on units such as railroad cars, trucks, or Athey cars and move
with the units as an integral part of their assembly; or those which are
installed at one location, usually over a pocket or some other feeding
arrangement. '

Unloaders which are an integral part of the transport modules may be
either a scraper scraping the material from the car by opening an end,
or they may be air-operated hoppers installed on the bottom of the cars
or on side dump cars with the air or hydraulic operation as part of the
integral design of the car. These unloaders are most often used when
dumping must be done at several locations.

Fixed installation unloaders may be the camel-back side dump arrange-

ment, which is capable of tipping the cars as they are pulled through the

unloading station; or the rotary dump which turns over one or more cars
in a train, These are used with or without rotary couplings installed on

the train. If equipped with rotary couplings, the cars can be turned over
and dumped without decoupling. :

Processors (Crushers, Screens)

Underground processing of the muck has had only limited application and
that has been almost completely confined to mines. It is becoming
increasingly popular in mines, especially coarse crushing of ore before
hoisting, as it has been shown that substantial savings can be made on
maintenance and capital costs. By eliminating the loading and handling
of large chunks of material, wear on liner plates and equipment is con-
siderably reduced; and as the ore must eventually be crushed at the mill,
large capital cost savings can be made since lighter weight, cheaper
transfer equipment can be used. This is not the case, however, for
tunnels because the material is usually wasted or used for some purpose
where crushing is not required. Reduced equipment maintenance might
in some cases make crushing worthwhile, but of greater interest is the
use of crushing to make transport by conveyor, hydraulic, or pneumatic
systems feasible for material which otherwise would require a unitized
mode of transport.
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Some major companies are experimenting with 1ow.-head'compact crushers.
Eimco,” for example, is building a horizontal jaw crusher with a unique
horizontal eccentric feed arrangement especially suitable for use in a
tunnel, and Smith Engi,neerin'g"":< has recently announced a new low profile
crushing unit. The horizontal jaw crusher is essentially the same as the
vertical unit lying on its side. The swing jaw is actuated by an eccentric
or toggle imparting a squeezing or crushing action to the jaws.

Short head cones or a disc crusher, when equipped with horizontal feeder,
require only minimum head room and are feasible for use in the larger
tunnels. These crushers break and fragment the rock, which is fed into
the top of the unit, by squeezing the material between two conical surfaces.
The action or power is imparted through an eccentric which turns about

a vertical shaft attached to the mandrel or inner conical surface. The
outer conical surface, known as the ''shell,'" is stationary and the material
is crushed between them. The disc crusher operates in a similar manner;
the main difference being in the flatter angle of the cone.

Space requirements for contemporary portable crushing equipment vary
with the type of crusher, its capacity, and the manufacturer. A trailer-
mounted vertical jaw crusher of about 1, 000 tons-per-hour capacity would
have a dimensional envelope of about 40 feet long by 20 feet high (including
feeder) by 14.feet wide. This would be fairly typical of the units produced
by Eimco Corporation, Smith Engineering Works, and Joy Manufacturing
Company.**’li.ow profile units require less headroom but may have greater
overall length than the vertical type.

The two types of cone crushers, standard and short head, have about the
same space requirements for a given capacity. A trailer-mounted unit
with a capacity in the 1, 000 ton-per-hour range would require a slightly
shorter length carrier and would need a little less head room than a
vertical jaw crusher unit. The widths of the assemblies would be about
the same. ‘

For hydraulic pumping where a large percentage of fines in the material
is required to accomplish economical operation, crushing most likely will
be required and the size gradation of the material could be controlled
through screening and recirculation as done in mills. This will require
special attention as failure of hydraulic pumping systems installed in the
past was attributable to lack of sufficient fines and poor control of the
slurry mixture.

*Eimco Corporation, a Division of Envirotech Corporation,
Salt Lake City, Utah.

#*%Smith Engineering Works, Milwaukee, Wisconsin.

*%%Joy Manufacturing Company, Pittsburgh, Pennsylvania,
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Space requirements for vibrating screens depend largely on capacity and
arrangement. Screens can be sloped at various angles (generally 15 to
20 degrees) and can be composed of one or more decks. A nominal 6-foot
by 16 -foot triple-decked screen would require an area about 16 feet by

10 feet by 13 feet in height. A single decked screen with the same slope
would need the same floor area, but about 2 or 3 feet less head room.

For the purpose of controlling size gradation and density, the heavy-duty
vibrating screens coupled with sumps and metering valves of the most
rugged design will be required in a tunneling operation.
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CHAPTER 3

CONTINUOUS FLOW .SYSTEMS

A continuous flow transport system characteristically provides the
capability of an uninterrupted flow of materials for the entire length of the
system, from the point of loading or feeding to the point of discharge.

The capital investment for such a system employed in a horizontal straight
_run has a direct relationship to the linear length. In tunneling work the
continuous-flow systems would norimally be designed to transport the muck
only and must be supplemented with a unitized transport system to handle
the inbound flow of construction tools and materials, fabricated items,
and transportation of personnel.

CONVEYOR SYSTEMS

A conveyor system for transporting bulk materials includes several basic
components. A drive unit, usually consisting of a motor and a speed
reducer, provides the motive power, The transport medium can be a
continuous belt with or without cable reinforcement supported on idlers;

a continuous series of metal pans on flights supported on chains; or a
continuous belt which completely encloses the transported material and is
supported on rollers, Drive speeds and dimensions of the components can
vary to give a wide range of capacities, There are other types of conveyors
for specific uses in which the transport media may be a series of metal
rollers or a continuous chain with load-carrying attachments.

The types and basic components of conveyor systems are normally designed
and selected for a particular application, based on the physical and chemical
characteristics of the material to be handled; capacity and rate of travel;
criticality and duration of continuous operation; feed and discharge conditions;
space and grade limitations; and site environment and safety requirements.

Belt Conveyors

The troughed-belt conveyor is most commonly employed to transport bulk
earth materials, particularly on level grade or inclines up to 51 percent.
While flat-belt and zipper-type conveyors have been utilized in special
applications of this nature, they can be looked upon as derivations of the
troughed-belt type. For personnel transport, a flat-belt conveyor which
becomes a moving walkway is normally used, A flat-belt conveyor is also
used for moving packaged or lightweight, fabricated materials as well as



some types of bulk materials. In this latter application, the angle of
repose of the material would have to be sufficient to minimize spillage.
In addition, the flat-belt conveyors are used for bulk materials where it
is necessary to plow off some of the material at intérmediate points along
the conveyor run. '

Belt conveyors which can completely encase the transported material are
used where relatively short vertical lifts are necessary, such as from
floor to floor in an industrial plant. These are known as zipper conveyors
due to the interlocking teeth on the edges which engage after loading and
form an envelope around the material,

Bucket elevators, which may be composed of a series of load-carrying
modules or buckets attached to a continuous belt (or, in some instances,
attached to parallelcontinuous chains) are generally used for short lifts of
bulk materials in industrial applications. If the zipper conveyor or the
bucket elevator were to be utilized for a vertical lift application, such as
moving muck from a tunnel to the surface, the weight of material in the
system must be considered. Assuming a shaft depth of 500 feet and a
material flow rate of 5,000 tons per hour, the weight of the muck alone
would impose a load of about 83 tons on the equipment support point at the
top of the shaft. However, if the shaft were 3,500 feet deep, the load on
the head-wheel would be about 580 tons with a similar material flow rate.

Because troughed-belt conveyors seem to be more suitable than other
conveyor types to muck transport, they are selected to represent the
conveyor mode of transport for comparison with other continuous and
unitized modes of transport. Troughed belts are characterized by their -
configuration in which the belt forms a continuous, longitudinal trough,
facilitating the transport of bulk materials at high belt speeds. The depth
of the trough and the angle of the belt sides are determined by the angle
of the troughing idlers on which the belt rides. These range from 20 to
45 degrees. The major factors which govern the capacities of trough-belt
conveyors are belt speed, belt width, troughing angle, and the density and
angle of repose of the material handled. ’

Since the load is distributed over the entire transport distance, troughed-
belt conveyors have minimum point loading, thus requiring minimum
structural support and also requiring minimum cross-sectional area for
a given travel speed., They can be located in most all areas of the tunnel.
When supported from the tunnel walls as shown in Figure 2-2, valuable
floor area is released for other purposes. Figure 3-1 relates the width
of the belt to the cross-sectional area of the conveyor with and without a
supporting structure. The maximum heights and widths of the conveyor
structure are also shown in Figure 3-1 for various belt widths.
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At the present time, troughed-belt conveyors are capable of transporting
bulk material at flow rates commensurate with the projected tunnel advance
rates. This can be accomplished both on the horizontal and on inclines up
to 51 percent. This capability is reflected in the fact that with an inclined
shaft the only transfer of materials would occur between the horizontal and
the inclined conveyors, which might be eliminated by using a suitable radius
of curvature and combining the two into one continuous belt, While most
belt and conveyor component manufacturers recommend belt speeds in the
550-to 700-feet-per-minute range (approximately 8 miles per hour), belt
conveyors have been operated successfully at speeds of 1, 000 to 1, 100 feet
per minute (12 miles per hour). At these high speeds, narrower belts can
be used to attain the same capacities as wider belts at slower speeds.
Figure 3-2 shows the relationship of the mass flow rate to the conveyor belt
width at standard speeds recommended by manufacturers and at speeds in
excess of these which have been found satisfactory in use.

Where vertical shafts are the only means of access to the horizontal
section of the tunnel, a surge bin or hopper would be used to receive the
muck from the discharge conveyor and transfer it by a suitable feed device
to the vertical mode of transport.

Extension Methods - There are several methods which could be employed
to extend or advance a belt conveyor at a pace compatible with the tunnel
advance. Three of these are illustrated in Figure 3-3. As the tunnel is
extended, additional lengths of conveyor could be assembled, or inserted
as a preassembled unit, at the tunnel face or tail pulley end of a stationary
conveyor line.

Advancing the stationary transport conveyor from the tail pulley end behind
the excavator would entail the use of a mobile feeder conveyor attached to,
and moving with, the excavator., The feeder mechanism would consist of
one- or two-belt conveyors mounted on structural framework, This frame-
work would straddle the stationary conveyor and move along on wheels with
the excavator. The feeder conveyor(s) would take the muck from the
excavator and feed it onto the transport conveyor belt through a transfer
chute. The feeder conveyor could also be offset from and feed the conveyor
through a cross:feed conveyor or chute. In either case, the mobile feeder
conveyor would be of sufficient length to allow working space and time for
installation of additional segments to advance the transport conveyor.

The stationary conifeyor could be a single, long conveyor with frame and
idler units being added as the feeder progressed along the tunnel. However,
before each new section of conveyor could become operable, the system
would have to be stopped to permit.the splicing of an additional length of
belt onto the existing one to accommodate the added section,
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It is reported that this can be accomplished in a matter of minutes with
mgéhanical splices. The total length of a single belt would be limited by
any decrease in belt strength due to the numerous mechanical splices.
Surge storage capacity would be required to accommodate the periodic
shutdowns for splicing and allow the excavator to continue working. Fig-
ure 3-4 shows surge capacity requiréements related to mass ﬂ_ow rates
for up to 30-minute shutdown periods. '

A variation of this method of conveyor -extension would be to install a
series of complete conveyor units, each one being about the same length
as the feeder conveyor. As the feeder is discharged onto the last unit in
the series, a new one would be installed ahead of it. When the feeder
reaches the end of the unit it is supplying, the new conveyor would be
ready to receive the feeder discharge. The erection of the new conveyor
units would be a continuous operation in order to keep up with the tunnel-
ing advance. : :

Another method of conveyor extension would be to utilize complete con-
veyor units with floating-belt take-ups. As the advance progressed, the
tail section of the conveyor would follow and the floating take-up pulleys
would move to release more belt for material transport. The drive end
of the unit would remain stationary. Framing members and idler rolls
would be installed as the belt transport length increased. The tail wheel
would be mounted on a moving platform.* Brackets and rollers for the
permanent sections of the belt would be installed on the wall of the tunnel
by crews and special equipment mounted on the sliding floor. A gantry
would support the conveyor belt high enough to allow incoming material
to enter the forward zone. The conveyor belt would be supported by
rollers on the gantry over a long enough length to allow the belt to gradu-
ally swing over the permanent rollers mounted on the wall. The sliding
floor is inclined to provide a portable foundation for all equipment
involved and to provide a switching and unloading area for incoming mate-
rial. Either rail or rubber-tired vehicles may be used for this purpose.

These techniques have at least one factor in common; they all require a
continuous construction effort to maintain a given rate of advance. In
most cases, a complete system shutdown would be necessary to complete
the installation.

*The moving platform or sliding floor concept developed by Jacobs
Associates, San Francisco, California.
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Initial Installation - Problems encountered in the initial installation of a
belt-conveyor system would be similar to those found in the extension
operations. However, the feeder-conveyor segment, which follows the
excavator, would be extended to its predetermined length at the same
time the initial sections of the conveyor are installed in the tunnel. This
would permit the discharge of muck from the excavator directly into a
transfer mechanism, or other transport mode, while the first portion of
the tunnel conveyor is being installed.

There are approximately 1,500,000 tons of muck contained in a 20-mile
segment of a 40-foot diameter tunnel. Based on a life expectancy of
30,000,000 tons, it can be assumed that a conveyor system could be dis-
assembled and moved to a new location once a given segment of tunnel is
completed. It is also assumed that it can be reused in another tunnel
segment with little or no modification. It is estimated that such a move
would entail about 50 to 65 percent of the installation time for dismantling
and removal. The reinstallation in the new location would approximate
the previous initial installation and extension operations in labor and time.

Life Expectancy - According to industry figures, conveyor belt life expec-
tancy ranges from 30,000,000 to 60,000,000 tons of material transported.
Based on those figures, a conveyor transporting 3,200 tons per hour (the
muck removal rate corresponding to a 750-foot-per-day advance in a
40-foot diameter tunnel) would have a minimum life expectancy of about
1,000 days, or 3 years. Idlers and drive components in permanent
installations are amortized over a period of approximately 10 years.
However, belt replacement can be expected at any time during operation
depending on the nature of the transported material. Replacement will
relate more to damage from sharp-edged material than to wear. Spare
parts requirements for belt conveyors will consist of belting, drive units,
idlers, and splicing materials.

Technology - Belt speeds have increased over the years. It is fairly
common to see belts operating at speeds up to 1,100 feet per minute as
compared to the former limitation of about 650 feet per minute. Advances
in the quality of belt materials, as well as in the general durability of
belts, idlers, and other components, have contributed to this increase in
speed. The use of new types of belt idlers such as the '"Limberoller"*
has aided in increasing belt capacity and belt life.

*Trade name of Joy Manufacturing Company, New Philé.delphia; Ohio.

3-9



Belt splicing also has been speeded up. While a permanent vulcanized
splice in a 42-inch-wide belt still requires a six-man crew for three
8-hour shifts, a new mechanical splice can be installed on the same belt
in a matter of minutes.

‘Advantages - There are several advantages to a troughed-belt conveyor
systermi which enhance its possibilities for use as a muck removal system.

They are:

1.

The conveyor can be installed overhead or on the sides of the

tunnel, thus releasing floor space for other usage.

Capacities can be varied by adjusting the belt speed.

If a transfer of materials is required at a shaft station, an ele-
vated surge bin can be used which will also release floor space
for other uses.

Belt conveyors can transport muck up slopes as steep as
27 degrees (51 percent). This eliminates the need for a differ-
ent mode of muck transport up an inclined shaft.

Disadvantages - Some disadvantages are to be found in a troughed-belt

conveyor system. They are:

1.

Use of a belt conveyor for muck handling requires a supple-
mentary unitized method of transport for incoming materials
and the bidirectional shuttling of personnel. However, there
are instances where belt conveyors have been used to bring in
selected materials, such as shotcrete, on the return belt. This
requires modification of the return belt and idler arrangement.

- Where vertical shafts are used for transport of material to the

surface, a transfer of material to another mode is mandatory at
the shaft station. If some form of closed-belt system could be
developed which would operate under the anticipated heavy-load,
vertical -distance requirements, this transfer would be
unnecessary.

Methods of conveyor advance requires a high degree of mechani-
zation and precise timing to maintain a continuous flow of mate-
rial. Under the most favorable conditions, a brief interruption
for belt splicing may be necessary.

i
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Segmented Conveyors

This category of conveyors includes serpentine conveyors and bucket
elevators. The bucket elevator in one of its most common forms con-
sists of a chain drive with load-carrying buckets attached to the chain.
Apron feeders and apron conveyors which use the same basic configura-
tion to transfer material horizontally can be classed in this category, but
they are considered to be short-range transfer mechanisms rather than
long-haul material transporters. Restriction of their application to mate-
rial transfer is mainly die to their extremely heavy construction and
resulting high cost. Mass flow conveyors, in which the material is
moved through a rectangular metal tube by means of chain-driven, open
flights, are also a form of segmented conveyor used extensively in power
plant and industrial applications; but because of relatively slow speeds,
they appear less suitable to tunneling.

The general characteristics of a segmented conveyor are the continuous
loop formed by the transport medium (a basic characteristic of the con-
tinuous flow type system) and the fact that this medium, while attached to
a continuous drive mechanism, is in separate pieces or segments. Thus,
a bucket elevator is driven by continuous chains. A mass flow conveyor
operates on the same basic principle, except that the open flights push or
drag the material through the enclosing tube.

The basic element of a serpentine conveyor is its pan-shaped modular
belt. This type conveyor, shown in Figure 3-5, is represented by the
Se:rpentix.* The belt consists of fiberless, rubber sections which are
vulcanized to pan-shaped steel plates that bolt together. On the convey-
ing surface, high vertical convolutions are molded into the rubber between
the steel plates. When turning curves, these folds allow the inner side
of the belt to compress and the outer side to stretch. Comparison shows
the serpentine concept to be a modification of the troughed -belt conveyor
to achieve improved flexibility, more positive drive, and improved load-
carrying capacity but at probable increased cost. Due to the similarity
in basic characteristics, the serpentine concept is not evaluated as a
separate mode of transport. : ‘

Limitations - Bucket elevators are commonly used to lift bulk materials
for short vertical distances. Their load capacities are limited by their
operating speeds, size of the buckets, and allowable load on the head
pulley. Speeds to 465 feet per minute are normally used, and the largest
standard buckets average about 1.5 cubic feet each. Material flow rates

>'<Deve10pe=d by the Serpentix Conveyor Corporation of Denver, Colorado.
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of up to 600 tons per hour can be attained with material weighing

100 pounds pér cubic foot, but vertical lift rarely exceeds 75 feet. It
can be determined from these facts that a bucket elevator application
would probably not be practical for the tonnage and lift distances contem-
plated for high-speed tunneling. '

Mass flow conveyors are restricted in the material which they handle.
Generally, they are used for both horizontal and vertical transfer of bulk
materials weighing less than 100 pounds per cubic foot and of relatively
fine particle size with 1-1/2-inch maximum lump size. The capacities of
these conveyors rarely exceed .300 tons per hour with maximum speeds of
180 feet per minute. Their vertical lift capabilities are normally limited
to about 75 feet. As the maximum performance capabilities of these con-
veyors are less than for the bucket elevators, their application to rapid
tunneling is not considered feasible.

The sérpentine coﬁveyor is relatively new, although over 100 installations
outside the United States are reported to be in operation. From observa-
tion, it appears that a 12-foot radius curve is about the minimum that the

conveyor can follow. Thus, if used in a vertical lift application by spiral-
ing around a vertical axis, it would require a minimum shaft diameter of

24 feet.

Undulatory Conveyor

Equipment has been designed in concept to move material along a flexible
belt as the belt is given wave-like undulatory movement by the sequenced
motion of vertical supports. This motion raises and lowers the belt at
predetermined positions along its length in a timed sequence.

Inasmuch as this type of conveyor is modular, it lends itself more readily
to continuous extension than the more conventional continuous belt con-
veyors. This could be a distinct advantage during high advance rate
tunneling operations. There is also a possibility that this type of conveyor
could be used as a transfer mechanism, as between horizontal and verti-
cal transport modes.

Some advantages of this type of conveyor are:

1. Modular construction which facilitates installation.
2. Can be powered at numerous locations along its length.
3. Can operate around curves and will not malfunction if misaligned.



Some disadvantages which this conveyor has are:
1. Monodirectional in travel.

2. Requires a supplementary transport system for incoming mate-
rials and personnel.

3. May have excessive belt wear due to sliding friction between belt
and undulating supports and also between belt and material being
transported. '

PIPELINE SYSTEMS

Pipeline systems can be either hydraulic, using water, a dense fluid, or
~a slurry of fines as the transporting medium; or pneumatic, using air as
the transporting medium. Pneumatic systems can use the tunnel space

as the return channel for the transporting medium, thereby avoiding the
cost of a return pipeline while providing essential ventilation and reducing
the problem of system extension.

Hydraulic Systems

A hydraulic pipeline system for transporting slurried materials is rela-
tively simple in operating principle. A liquid, such as water, becomes
the transport medium and can be recirculated from the system terminals
if it is not abundantly available. It is mixed with the excavated material
in a mixing chamber or tank, producing a slurry which is pumped into a
pipeline that carries the slurried mixture to its destination. Here the
solids may be separated from the liquid through a dewatering process,
or they may be transported elsewhere in the slurried form for further
processing. Sufficient system pressure is required to maintain particle
transport velocities, and the use of crushing equipment ahead of the mix-
ing operation may be required to obtain the correct particle sizes.

System Components - The main components which are required for the
operation of a hydraulic slurry system in a muck-removal application are
more numerous than the operational description suggests. If there is a
constant and sufficient source of water available, the system can operate
without reclaiming the water. However, if water is at a premium, it
would be necessary to install a reclaiming system which would consist of
a settling tank (or pond), pumps, filters, and a water storage tank with a
make -up connection, as well as piping, valves, and controls. This equip-
ment would be located on the surface in the vicinity of the shaft collar,
with the return water piping extending down the shaft and through the
tunnel to the slurry mixing station.




Slurry mixing tanks, a surge tank, and the pipeline charging apparatus
would be located on a movable platform behind the excavator. Muck may
be fed to the mixing equipment by means of a belt conveyor, while the
water would be fed from the surface unless a sufficient quantity were
available from other sources in the tunnel, which is unlikely. Along the
tunnel, in-line centrifugal booster pumps, installed at designated intervals,
would move the slurry through the horizontal system.

There are several variations in design of a hydraulic hoist system which
might be practical depending upon the characteristics of the material to
be pumped, the magnituce of the hydraulic head, and the general configu-
ration of the tunnel-shaft complex. For shallow tunnels, a simple instal-
lation of a series of low-head slurry pumps, hoisting the material in
stages up the shaft, might be the most practical; for deeper shafts where
pumps having high hydraulic head characteristics are required, other
more sophisticated systems are required to take advantage of the hydro-
static head of the returning water. For example, if an open-ended system
is pumping a slurry of 50 percent solids by weight up a 3,000-foot shaft,
it is hoisting, say, 50 tons of rock and 50 tons of water every minute.

If the loop is closed with the return water line and the hydrostatic head

is balanced, then only the power to hoist the 50 tons of rock is required.
This, of course, is over-simplification and does not allow for friction
and mechanical losses, but the overall power saving is substantial.

Although there are several possible designs of closed-loop systems, only
one type is reported to have been installed and operated successfully.

The lock-feed system installed at St. Etienne, France, has been operating
very successfully since 1960, hoisting 500,000 tons of 3-1/4-inch coal
annually.(l) This hoist system, along with a hydraulic transport system
for the tunnel are depicted in Figure 3-6, Alternate ""A'". The transport
system shown is the lock-hopper system on which Fawkes and Wancheck(2)
of the U. S. Bureau of Mines have done considerable pilot plant testing.

There are two basic approaches to transporting solids hydraulically. One
is to mix the solids and liquid and feed the resulting slurry directly into

a pump. This is the through-the-pump system. The other approach is

to feed only the liquid to the pump and inject the solids directly into the
pipeline. This is the lock-hopper system. The advantages of either sys-
tem depend on the material to be transported and the length of the pipe-
line. A through-the-pump system has the advantage of simplicity and
high capacity, but it is limited to low head and, consequently, short dis-
tances. It also has high pump maintenance costs. The lock-hopper
system, on the other hand, can be used for deep shafts up to the high-
head capacity of conventional high pressure water pumps, can be used

for long-distance transportation, and has the advantage of low pump main-
tenance and high capacity. However, this system requires a rather com-
plex solids injection facility.



Alternate "B', Figure 3-6, shows a reciprocating high head pump system
operating with the lock-hopper feed system. This system, because of the
limitations of the valve clearances on presently available reciprocating '
pumps, cannot handle material larger than 1/8 inch at the present time.

The system as shown recovers the energy of the return water by applying
it to the opposite side of the reciprocating piston. Such a pump has not
yet been built; however, the fundamental principle appears to be sound,
and reputable pump manufacturers consider it to be a feasible concept.

It is possible to use centrifugal pumps for vertical lift, but 21 pumps
would be required to complete a 3,500-foot lift. The total static head at
that depth is 1,515 pounds per square inch for clear water. Piston pumps,
which are a type of reciprocating pump, are recommended by pump manu-
" facturers for this application. Return water from the surface could be
run through a separate set of valves to the piston rod end of a recipro-
cating pump, reducing the differential pressure between the pump cavities
and partially balancing the weight of the pumped slurry by the weight of
the returned water. This would recover the work potential of the return
water head, converting it directly into mechanical energy and reducing
the overall energy requirements.

Operational Requirements - Certain conditions are necessary for the
economical operation of a slurry system; principally, these are the
availability of a sufficient quantity of water, a high percentage of fines
(50 percent of 200 mesh) in the excavated material, and a specified maxi-
mum particle size. If source water is not available in sufficient quantities,
used water would have to be reclaimed at the slurry discharge end and
recirculated through the system. If the required percentage of fines is
not present in the excavated material, a crushing operation might have to
be installed ahead of the slurry mixing equipment to produce the fines and
reduce the muck to maximum allowable size. If there is no concern over
the maximum size, as would probably be the case for cuttings from a
mechanical mole, but there are not sufficient fines available, then two
other alternatives exist:

1. Fine material can be recirculated in the system, thus building
up to the required quantity.

2. Drilling mud as used in the big hole drilling industry can be
circulated to maintain a sufficiently dense media.
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The nomograph in Figure 3-7 indicates the relationship of gallons per
minute required to deliver 1 ton of material of a given density and percent
by weight in solution. It also relates material flow to the gallons per
minute of slurry required for a given mass flow rate and the slurry flow
rate to velocity and pipe diameter. The specific gravity of the mixture at
the selected mass flow rate is matched with the required pump discharge
head (in feet of water) and then related to the pump shaft horsepower
necessary to move it against the head.

Operational Characteristics - Pumping equipment capable of handling
muck in slurry form is available in both the centrifugal and reciprocating
types. Centrifugal pumps are limited to about 200 feet discharge head

- and are generally used for low-head, short-haul systems. Reciprocating
pumps are used for longer systems due to their ability to operate with
“discharge pressures in excess of 2,000 pounds per square inch and also
to maintain a high volumetric efficiency at any desired flow rate.

To compare the two types of pumps, a tunnel segment 10 miles in length
is assumed. A 50-percent weight concentration of solids is to be pumped
through a 16-inch diameter pipeline at a rate of 5,500 gallons per minute.
This is equivalent to a mass flow rate of 1,000 tons per hour of dry mate-
rial. Twenty-six centrifugal pumps, utilizing 275 horsepower each,
would be required to deliver 5,500 gallons per minute at a 200-foot dis-
charge head. They would be spaced at about 2,000-foot intervals along
the 10-mile pipeline. This would be similar to the slurry systems in the
Florida phosphate fields where matrix is transported by pipeline to
washer plants.

A total of five reciprocating pumps with equal aggregate horsepower

(7,150 horsepower) and operating with a discharge pressure of 1,000 pounds
per square inch would have the same capacity. However, the application
would favor the centrifugal pumps, as their acquisition cost based on total
horsepower would be about one-half that .of the reciprocating type.

Installation - It is assumed that exploratory drilling to tunnel depths
would precede the tunneling effort, with drilled holes spaced at frequent,
logical intervals on the surface. Consideration should be given to the
possibility of utilizing these holes for vertical access to the surface. The
horizontal runs of piping in the tunnel would be appreciably shortened as
compared to a system extending all the way to a central shaft. To ade-
quately implement such a plan, two complete pipeline systems would be
required. One would be operating through an exploratory hole and advanc-
ing down the tunnel while the other was being dismantled and reinstalled
in the next hole. The problem involved in moving the vertical-lift pumps
and piping at relatively frequent intervals would have to be balanced
against the advantages gained from the abbreviated systems.
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The labor required to install a vertical-lift, hydraulic pipeline varies
with the depth of the shaft and is not directly related to the diameter of
the pipe. No additional time is required for equipment mobilization and
demobilization, as it is assumed that the same rig which drilled and
cased the shaft would be used for installing the hydraulic piping. It is
also assumed that the pumping equipment installation would be concurrent
with that of the piping.

About a 500-foot length of tunnel will have to be excavated prior to the
installation of the first segment of a horizontal hydraulic pipeline. A
temporary material handling system utilizing transloaders as described
in Chapter 4 could be employed until the pipeline system was installed.
This distance will permit the first horizontal pump to be located a few
hundred feet from the vertical station, as well as allow space for the pipe
advance equipment on the upstream end. '

System Extension - Up to the present time, there are no known instances
of rapidly extending a hydraulic pipeline slurry system while in operation.
Although the matrix lines in the Florida phosphate mines are moved
around, there can be little comparison between the methods used there
and the continuous extension requirements dictated by rapid tunneling
advance rates. One method which might be applied to pipeline advance,
utilizing current hardware and equipment, would r'equire duplicate sets of
slurry mixing equipment and manifolded charging pumps complete with
valving and bypasses. The valves and bypasses would be left in place as
the advance progressed, with the mixing and pumping equipment being
"leapfrogged'' for each increment of pipe advance. This method would
require a high inventory of valves. However, they could be replaced by
blank pieces during a system shutdown and reused elsewhere in the sys-
tem advance.

Any other presently available means of pipeline extension would require
a system shutdown while the pumping and mixing appé.ratus was being
connected to the new section of pipe. Slurry systems can tolerate brief ’
shutdown periods, the length of which are determined by the way the
slurry settles. If it settles homogeneously with the coarse material
remaining with the fines, a longer shutdown period can be tolerated if the
two sizes of material were separated. The Black Mesa coal slurry pipe-
line is said to be able to be restarted after a 24-hour shutdown. It is
assumed that this is an extreme case and that the maximum shutdown
period with restarting capability for a muck slurry system would be less
than 24 hours due to the fact that there could be a less homogeneous mix-
ture than with coal.



-Methods presently used for continuously extending pipelines appear to be
inadequate as far as keeping pace with the rapid advance rates which are
anticipated in tunnel driving. If a hydraulic slurry pipeline system is to
be used in a muck transport application, a high degree of automation will
have to be reached in the method of continuously extending the system
while it is in operation.

A concept for accomplishing continuous system extension is shown in
Figure 3-8. Two chambers, grooved to fit the outside diameter of the
pipe, are mounted on movable bridges which run on rails, one over the
other. Hydraulic rams mounted on the bridges raise and lower the cham-
bers for passing each other. Flexible connections between the pipe
grooves in the chambers and the slurry mixing and charging equipment
provide a path for slurry and return water flow. The openings in each
end of the chambers, which receive the pipe, are sealed by automatic iris
valves when not in use. Automatic shutoff valves are incorporated in the
lines between the chambers and the mixing and charging equipment. The
chamber and bridge trolleys can be electrically driven. The structure
supporting this equipment and the slurry mixing and charging equipment
are mounted on a sliding floor which follows the excavator.

The following sequence of operation is predicted upon the use of pipe hav-
ing threaded and coupled ends for quick connection, such as is found in
everyday use in the oil field industry. This type of joint would minimize
makeup time and eliminate the need for welding.

1. Movable Chamber B is clamped over the open ends of the return
water and slurry lines. Both systems are now routed through
the chamber, the water to the mixer, and the slurry into the
horizontal pipeline.

2. Chamber A is clamped over the forward ends of two new pipe
lengths, the other ends of which are forced through the iris
valves on the forward end of Chamber B.

3. The slurry and water systems are now rerouted from Chamber B
to Chamber A by means of automatic valves.

4. The threaded ends of the new pipe lengths are forced into the
couplings on the ends of the first lengths lying in the pipe grooves
inside Chamber B.

5. A power-driven wrench or tong positioned between the two cham-
bers completes the joint makeup.

6. Chamber B disengages from the pipelines and repositions itself
ahead of Chamber A to repeat the operation.
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Another version of joint makeup utilizes piping slightly belled at one end,
with the other end having an external resilient ring around it. With this
type of joint, operations 1, 2, and 3 would be the same as above, but the
remainder would be as follows:

4. The pipe end with the external ring is forced into the belled end
of the preceding length.

5. Chamber B disengages from the pipelines and repositions itself
ahead of Chamber A to repeat the operation. =

6. As the pipe joints depend on a force fit, they can be externally
welded to gain greater strength, once free of the chamber.

Present Technology - It is apparent that there has been little or no devel-
opment in the application of 'hydraulic pipelines to tunneling. Like most
material transport modes, the slurry systems which are presently oper-
ating are permanent installations that extend from a fixed loading point to
a fixed discharge point. Any system extension necessitates a shutdown
period while final connections are accomplished. It would seem that there
is a need for development of extension methods that would permit the
transport of slurried materials to continue during the operations required
for extending the system.

Hydraulic pipelines are being used extensively in modern industry for the
transport of slurried material, and in mining there are several instances
of slurried material being transported hydraulically over distances of
several miles. Examples of this are a 53-mile iron concentrates pipeline
in Tasmania which transports 2.5 million tons per year through a 9-inch
diameter pipe; a 72-mile pipeline in England which conveys 1.7 million
tons of lime per year through a 10-inch diameter pipe; and a 22-mile
pipeline in South Africa which handles 1. 05 million tons of gold tailings
per year through 6-inch and 9-inch diameter pipes. A 273-mile pipeline
is under construction in Arizona which is expected to transport 4.8 million
tons of coal per year (approximately 600 tons per hour) through an 18inch
diameter line.

However, the present-day use of these systems is usually based on per-
manent point-to-point installations; and extension of these pipelines are
not accomplished with the speed required to keep pace with the projected
high tunneling advance rates.

In view of the present state of slurry system technology, it appears that
this transport method could be applied to high-speed tunneling operations
with relatively little additional research and development work in basic
principles. Actual test runs could be conducted using materials similar
to the muck which might be encountered in a tunneling operation.
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A need is indicated for the further development of reciprocating pumps so
that they will be capable of handling particles larger than the 1/8 inch to
which the valve openings now restrict them. Also, research should be
conducted toward extending the vertical lift capabilities of these pumps.
Further research and development into the use of multistage centrifugal
pumps for slurry systems would also be beneficial to the industry. Since
this type of pump can generally handle larger-sized particles than the
reciprocating type, their future use in hoisting applications might render
the need for extensive crushing less critical.

Continued research and pilot plant testing in the area of lock-feed systems
are justified since this basic design would eliminate the highly abrasive
through-the-pump flow of muck. The requirement for very high pressure
pumps would also be eliminated since they can be located outside the tunnel
complex at the lowest point of hydrostatic pressure on the return side of
the system.

Advantages

1. Hydraulic piping systems are capable of handling muck in the
capacity ranges which are commensurate with the projected
tunnel advance rates.

2. Hydraulic pipeline systems, with pipe diameters ranging from
6 to 30 inches, occupy relatively small cross-sectional areas
(see Figure 2-2) and can be installed on sidewalls or near the
roof away from tunnel floor traffic.

3. The system length can be shortened by utilizing intermediate
exploratory holes for access to the surface.

4. No transfer of material to other thransport modes is required
between the face area and the surface.

Disadvantages

1. A hydraulic muck transport system requires a unitized system
to transport other materials and personnel both into and out of
the tunnel.

2. If muck particles exceed the maximum size for pumping equip-
ment, crushing equipment must be installed ahead of the mixing
and charging units. '
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3. The required amount of water must be provided from surface
sources unless it is present in sufficient quantities in the tunnel.
A surface water source would necessitate the installation of a
two-pipe system.

4. Proven methods of operating and advancing a hydraulic system
. concurrently, without interruption, are nonexistent.

‘5. There is a danger of flooding from a line rupture due to high
system pressures required for material transport in vertical

lift operations.

Pneumatic Systems

A pneumatic pipeline system for conveying materials would be comprised
of several basic elements. An air source, such as a blower, discharges
into an air lock injector which forces the material into a pipeline which,
in turn, directs the material to its destination. Sufficient air pressure is
required to maintain particle transport velocities throughout the system.

At the present time, pneumatic conveying systems are transporting low-
density bulk materials such as grain, flour, and ash at rates exceeding
500 tons per hour over distances of a few hundred feet. Pneumatic sys-
tems are also in operation which convey wood chips at flow rates
approaching 500 tons per hour for as great a distance as 1 mile. One
noticeable factor in these systems is the low density of the materials
being transported. They all have a specific gravity of less than 1 when
dry.

Three-inch rock has been conveyed pneumatically at mass flow rates of
300 tons per hour for a maximum horizontal distance of 1,000 feet. Fur-
ther research is in progress in which it is expected that 6- to 8-inch
material will be conveyed for distances of from 3,000 to 4,000 feet. The
present 3-inch lump size in some cases would necessitate the use of a
crusher between the excavator and the air lock injector. However, if the
pneumatic equipment is developed to handle the 6- to 8-inch sizes, the
crusher installation could be minimized; or in certain instances, the
need for it would be eliminated.

Pneumatic pipeline systems have the advantage of being flexible in that
they can transport material both horizontally and vertically. However,
they are only capable of monodirectional bulk material flow and require
a supplementary unitized transport system for the conveying of personnel
and other types of materials in both directions.



From presently available information, it appears that development of
pneumatic systems for handling high density materials over long distances
has lagged far behind the development of hydraulic systems. While test
installations have been made for back filling worked-out areas in mines,
these have been short distance runs (less than 1,000 feet) and at flow

rates of 300 tons per hour or less.

A test program was conducted at the AEC Nevada Test Site in 1966,(3) in
which various types of pneumatic systems were tested to determine basic
equipment capabilities and the effectiveness of line pressure boosters in
the placement of sand at distances from 750 to 2,000 feet. Test results
ranged from a volume of 9.2 cubic yards per hour with static pressures
of 96 pounds per square inch gauge at the loading point and 21 pounds per
square inch gauge 2,000 feet distant at the discharge point, to a volume of
17.2 cubic yards per hour with static pressures of 97 pounds per square
inch gauge at the loading point and 21 pounds per square inch gauge

750 feet away at the discharge point. In most instances, when booster
units were added, they appeared to decrease the volume.

Three types of air booster units were tested. One was similar to that
used in pneumatic concrete conveying pipelines, while the other two were
similar to the Coanda nozzle design which injects air into the sand-air
mix through a circular orifice. '

One drawback to the pneumatic system is the rather large amount of
power required. A test report of a 1,000-foot, horizontal system con-
veying material at the rate of 300 tons per hour showed that 800 horse-
power was required. This power requirement can be projected to show a
consumption of about 10 horsepower per ton per hour per mile. Thus, a
mile-long system transporting 3,000 tons per hour would require about

- 30,000 horsepower. The position taken by some proponents of pneumatic
systems that this high rate of power consumption can be justified by the
fact that it does away with the requirement for a ventilation system
through the suction of air through the tunnel into the blower does not
appear to be valid. The power requirement for ventilating a mile segment
of tunnel, assuming an occupancy of ten men and a ventilation air volume
of 4,000 cubic feet per minute would be about 10 horsepower, a quantity
of much less magnitude than that for a pneumatic material transport
system.

Pneumatic system possibly could be used to advantage in a vertical-1ift
application where the maximum distance was about 1,000 feet. If the
concept of utilizing exploratory drill holes for the vertical lift were fol-
lowed as depicted in Figure 3-9, the pneumatic method could be very
competitive with other types of vertical-lift transport in the 300-ton-per-
hour range. This assumes that the vertical exploratory holes were
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reamed and cased, where required, to 14 inches in diameter. No casing
would be installed where the surface of the hole was adequate.

If the drill holes were spaced at about 1/4-mile intervals, the horizontal
tunnel muck transport could be a series of 1/4-mile pneumatic systems
or a belt conveyor. Either system combination would support all rapid
advance rates in a 10-foot diamter tunnel and a rate of up to 300 feet per
day in a 40-foot diameter tunnel.

In the course of research and development, attention has been given to
pipe wear. In a test of ten different kinds of pipe material, it was
observed that a two-layered pipe appeared to be more abrasion-resistant
than others. The inner layer was a very hard steel alloy, and the outer
layer was a mild steel. However, in a pneumatic system incorporating a
transition from the horizontal to the vertical, the elbow at the base of the
vertical run could be subjected to excessive wear due to the change in
direction of the flow of the transported material. This might necessitate
the use of a transfer system at that point making the vertical portion a
comipletely separate system.

Advantages

1. A pneumnatic system can be used in either horizontal or vertical
application, or both.

2. The system occupies a minimum of tunnel cross-sectional area
and the pipe can be installed in any convenient location.

3. No transfer of materials is necessary except if excessive wear
is anticipated in the base elbow.

4. The vacuum drawn by the blower assists in tunnel ventilation.
5. In case of a power loss, the material can be picked up from the

bottom of the pipe by permitting the air to reach transport
velocity before injecting more material when restarting the

system. .
Disadvantages
1. Very high horsepower requirement.

2. A pneumatic system requires a companion unitized transport
system to bring tunnel support materials and personnel from the
surface.
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3. Operations are generally limited to the transport of dry
materials.

4. Constant abrasion from the transported material inside the
pipeline causes undue wear. However, the blower units are not
affected, as the material is injected downstream from the blower
discharge.

5. Crushing equipment is usually required to reduce the material
below maximum particle size.

Capsule Pipeline Systems

This method of bulk solids transport is being developed as a result of
successful operations in fluid and slurry pipeline systems. Research
programs are being conducted in Canada for capsule pipelining of rigid
and semirigid capsules as well as for paste slugs. These programs
include studies and tests of these forms of capsules in relation to the
transport of coal, sulfur, potash, steel, and mineral ores. Research in
the transport of encapsuled and compressedeaste materials is currently
in progress in the United States.

Tests have ranged from the movement of a 514-pound, 16-inch diameter
capsule through 109 miles of crude oil pipeline to the flow of coal paste
slugs (70:30 w/w coal-water paste) in a light mineral oil through a 1-inch
inside diameter, 70-foot closed-loop system. It has been noted in a
number of the tests that the capsules with diameters close to that of the
inside of the pipe nearly always move faster than the average liquid
velocity in the pipe, since they occupy an area in the pipe where the
liquid velocities are higher than average.

Power requirements appear to be lower for capsule transport than for
slurry transport, except where the slurries have very small particle
sizes. Methods of capsule injection into a pipeline system and retrieval
at the destination end, as well as devices for bypassing within the pipe-
line system, are under development in the Canadian program. It appears
that problems of system extension and loading material into the system
will be at least as severe for capsule systems as for the slurry system.
Because of the early phase of development of this technology and the fact
that it represents a modification of the slurry transport concept, capsule
pipeline systems were not included as a distinct mode of transport for
comparative evaluation.
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CHAPTER 4

UNITIZED TRANSPORT SYSTEMS

The characteristic that distinguishes the unitized transport systems from
the continuous flow systems is the separation of the material being trans-
ported into discrete quantities which are carried by mobile units or mod-
ules of the transporting system. These modules may move as individual
units or as trains of interconnected units. The modules may travel on
fixed guideways such as rails or they may be free vehicles such as trucks.
Although free vehicles have greater maneuverability than guideway mod-
ules, they are often restricted to prepared roadways in order to attain

the required speeds.

In Chapter 2, guideway systems were categorized as conventional rail

systems with locomotive, side-wheel or cable drive, siderail systems,
monorail systems, and hoist systems. Hoist systems are suitable only
for raising or lowering materials between the tunnel and surface, while
some of the rail systems may be suitable for use in both the horizontal
and vertical attitudes of transport. Free vehicles were categorized as
transloaders suitable for short haul transport and trucks for long haul.

Unitized systems are more flexible in application than continuous flow
systems because:

° Modules can be added to or removed from the system to vary
the system capacity.

° Modules can operate easily over a range of speeds to adjust to
variations in flow rate requirements.

. Special design modules can be used for transporting various
types of materials.

This flexibility offers the possibility of using a single system in a tunnel-
ing application for the transport of both inbound. and outbound materials,

The operation of unitized systems is cyclic because each module must be
loaded, moved to its destination, unloaded, and returned to the loading
point., Although attempts are made to perform these operations as rapidly
and continuously as possible, the cyclic operation remains, particularly
at the loading point for bulk materials and for both loading and unloading

of discrete materials. Under the highly congested conditions in the near-
face zone of a tunneling operation, turnaround of transport modules is



difficult at best and often impossible. The alternate to turnaround of
modules is a system which '""dead-ends' in the near face zone. A dead-
end system must be cyclic in operation since the transport modules must
come to a complete stop before reversing direction,

. To achieve the material flow rates required for rapid advance of the

tunnel face, several trains or many individual load-carrying modules
would be required to operate simultaneously in the system. The number
of units used for a given material flow requirement is determined by an
economic trade-off between the cost of the inventory of units in the system
and the increased cost of higher quality guideway or roadbed, and more
sophisticated controls required to achieve higher speeds. Speeds up to

40 miles per hour may be required for some unitized systems. To safely
operate any of the unitized systems, it will be necessary to maintain com-
plete control at all times over the synchronized movement of the trans-
porting units. This can best be performed automatically. Several methods
of automatic control have been developed for rail systems, some of which
are presently in use in the mining industry. These are visualized as being
adaptable, with modifications, to other unitized modes of transport and to
the special requirements for use in tunneling.

One method of system control is by radio where operators on the ground
transmit signals to a locomotive by means of back-pack radio transmit-
ters. Another method is the supervisory control system in which train
movements between points are controlled by operators who ride the loco-
motives but are subject to override by a central dispatcher. In these
types of systems the human element exercises control over the operations,
whereas a completely automatic system is preferable from both a safety
and operational point of view.

A programmed control system, which is being successfully operated at
the Carol Mine in Labrador, appears to be adaptable for use in high-speed
material transport operations. The trains respond to a complete sequence
of coded signals in performing the required haulage tasks. The signals
are transmitted through the rails as low voltage alternating current.

Coils on the locomotives and tail cars of each train receive the signals
and actuate relays and electropneumatic valves to produce locomotive
response. The simultaneous operation of four trains is now controlled

in this manner at the Carol Mine. It is reasonable to assume that a simi-
lar program control system could be adapted to a locomotive system for
muck removal with a minimum of modification.

The programmed control concept also appears to be applicable to other
unitized modes of transport such as the side-wheel drive, siderail and
monorail systems and with greater modifications, possibly to some free
vehicles,
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CONVENTIONAL RAIL SYSTEMS

Conventional rail systems have transport modules or cars mounted on
wheels (usually steel) which ride on top of a track consisting of two parallel
rails mounted on cross ties supported by a suitable surface. A commer-
cial railroad illustrates this type of guideway system.

General Characteristics

Systems of the conventional rail type used in mining and tunneling oper-
ations generally utilize a single-track layout with passing sidings. Trans-
port in both directions is accomplished by having one train wait on the
siding until the other passes by on the main track. This method appears
to be less expensive in capital cost than one using a double-track system
throughout the length of the tunnel. However, it is doubtful if a single-
track system would support the maximum muck-removal rates due to the
fact that several trains would be operating concurrently in both directions.

A double-track layout could include cross-overs spaced at intervals along
the tunnel to permit trains to bypass a stationary train on-loading or off-
loading or being repaired. This would also permit isolation of a section
of track in case of track failure or derailment of a train. Although this
arrangement would permit continued operation of the system, the system
capacity might be reduced in some cases due to the bidirectional traffic
on a single track over the section being bypassed. It appears that a
double-track conventional rail system at the present state of development
could handle the tonnages required for the rapid tunnel advance rates con-
sidered in this study if problems of rapid loading and synchronized flow
of rail cars are solved satisfactorily.

The nomograph in Figure 4-1 -shows relationships between bulk material
removal rates, car dimensions and capacities, and loading frequencies.
Figure 4-2 depicts the percentage of the tunnel cross-sectional area
which a single-track rail system would occupy in tunnels of given sizes.
For example, at the maximum muck rate of about 7, 000 tons per hour
(approximately 4, 700 cubic yards per hour) produced by a 40-foot tunnel
advancing at 1, 500 feet per 24-hour day, approximately one 8- by 8- by
30-foot car per minute would need to be loaded. A double-track system
with cars of this size would occupy approximately 60 percent of the cross
section of a 20-foot tunnel and approximately 16 percent of a 40-foot
tunnel.

Although Figures 4-1 and 4-2 were developed specifically for conventional
rail type transport modules, they can be applied to other unitized modes
of transport since the basic relationship between module shape, capacity
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and loading frequency is the same. When applying Figure 4-2 to other
modes, a proper allowance should be made for space occupied by the
guideway system to obtain the correct occupancy factor.

Rail system capacities are flexible and depend on:

® Capacity of the cars
® Number of cars in a train
° Number of trains in the system

® Length of time per cycle

The cycle time is dependent to a great extent on the speed of the train,
although loading and unloading times are important factors. In general,
maximum speeds are determined by the track quality, the grade and con-
gestion of the tunnel segment being traversed, and load conditions,.
Speeds up to 20 miles per hour loaded and 33 miles per hour empty can
be expected with the present technology. A double-track system oper-
ating at these speeds over a 7.5-mile run with six trains of ten 100-ton
capacity cars, each pulled by a 100-ton locomotive could be expected to
achieve a maximum transport rate of 5, 400 tons per hour. This would be
sufficient to support an advance rate of the order of 1, 200 feet per day in
a 40-foot diameter tunnel. However, with a smooth roadbed and level and
well-gauged tracks, a four-train system, each with ten cars of the same
capacity and with the same locomotives, could deliver the same amount
of material over the same distance. This would require an overall aver-
age speed of 35 miles per hour, with maximum speeds of 40 miles per
hour. In either of these cases, a carefully controlled running schedule
would have to be maintained in order to permit the trains to keep their
proper intervals and sequence.

Rolling Stock - Muck cars are manufactured with a wide variety of capac-
ities, sizes, and features. The larger cars, which due to their greater

capacities require fewer round trips, appear to be capable of handling
high mass flow rates. Some can be automatically dumped, either side-
ways or from the bottom, without coming to a stop. Cars and their
dumping arrangements include the rocker dump, the bottom dump, the

end dump, the Granby or automatic roller dump, the air dump, and

other nonstandard types. Capacities vary from 1/2 cubic yard (about 1 ton)
to the large 100-ton cars. Widths range from about 2.5 feet to as much
as 11 feet, The tendency to retain a low profile with regard to overall
car height seems to be general, with the exception of the smaller cars

(I -ton to 5-ton capacity) where the height is considerably greater than the
width. Wheels as small as 10 inches in diameter are used on the small
cars and can be 24 inches in diameter or more on the large-capacity cars.
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Track gauges range from 18 inches up to 5 or 6 feet (normal commercial
rail gauge is 4 feet 8-1/2 inches), depending on the requirements. Spe-
cial cars for hauling construction materials and tunnel lining materials
are in use at the present time. '

Rocker dump cars feature a rounded-bottom body with flaring sidewalls
and vertical end walls. The dump mechanism consists of a convex-
toothed rack attached to each end of the car frame which engages a semi-
circular gear mounted on each end of the car body. The mechanism is
actuated by a foot treadle and a slight push which tilts the body to the
dump position. After dumping, the body is manually pulled back to the
upright position. Car capacities generally range from 20 to 40 cubic feet.

Bottom dump, or hopper, cars are in everyday use in industry, commer-
cial railroad operation, rand mining. Capacities range from 1 or 2 cubic
yards to over 100 cubic yards. The dumping arrangements vary from a
clam-shell type body, which requires a dump block at the side of the
track to actuate the dumping mechanism, to the automatic hopper-type
dump car which is normally seen in commercial railroading. One
advantage to be gained using a bottom dump arrangement at a vertical
shaft station would be that the track hopper surge bin need not be as wide
as it would if side dumping cars were used,

End dumping cars generally are found in the small-capacity range with
manually actuated dump mechanisms. The car body is hinged at one end
and tipped by means of a lever lock release,

The Granby-type car is in common use in the mining industry. It is
equipped with a dump roller which tilts the car body when riding over a
dump block. This mechanism also can be automatically actuated by
pneumatic, hydraulic, or electrical means. These cars can be obtained
in a variety of designs and capacities to suit special applications.

Air dump cars can be unloaded while in motion with the dumping mecha-
nism being actuated from the locomotive. Telescoping air cylinders
under the car body raise it to the dumping angle, and the sidewall folds
down automatically. These cars range in capacity from 30 to 60 cubic
yards level load.

Standard cars, with no dumping capabilities, are generally used with a
rotary car dumper. They range in capacity from 5 cubic yards to the
100-cubic-yard gondola cars used on commercial railroads. Inasmuch

as these cars require large, expensive unloading equipment, it is doubtful
that they would suit the tunneling application.



Roadbed and Trackage - Tracks in tunnels and mines generally are laid
on questionable roadbeds making it difficult to maintain alignment, and
rolling stock clearances appear to be minimal. This results in compara-
tively slow speeds of haulage. Switching is usually done manually, with
trains proceeding at a slow pace due to possible misalignment of the rails.

To sustain a train speed of 40 miles per hour, a smooth, firm roadbed is
required. Building this bed to support rapid tunneling advance rates pre-
sents a problem. Assuming a 22-foot bed width is required to support a
double-track system in a 40-foot circular tunnel, approximately 142 cubic
yards of gravel (or other suitable material) per foot of tunnel length would
be required to form the track bed. Another means of supporting the track
in a circular tunnel would be to lay steel beams across the invert and
secure the rails to them. A continuous vertical support would be required
in order to decrease the length of cross-beam spans. It might be prefer-
able to lay sections of prefabricated supports with tracks mounted on
them. This might serve to increase the speed of the track laying opera-
tion. In a horseshoe or vertical-sidewall tunnel, this problem would be
negligible, as the track could be laid with conventional ties and minimal
ballast on the tunnel floor. In either case, the track would have to be
gauged and aligned with much greater accuracy than is the present prac-
tice during tunnel construction.

Technology Limitations - Rail systems in present-day tunneling are
limited in operating capability. Some contributing factors are faulty
trackage, manual control, and inability to climb grades steeper than

4 percent. The need for rapid and accurate track laying methods, as
well as for automatic control systems, is apparent if conventional rail
systems are to be used for transport in tunneling operations. There is
also a requirement for a method of operating on grades steeper than the
present 4 percent maximum,.

If these needs are satisfied and further developments are attained in the
area of rapid car loading, it is possible that a conventional rail system
could be a major factor in rapid tunneling operations. It also appears
that cars could be developed which would handle both muck and tunnel
construction materials with little modification required for either type of
load.

Propulsion - Conventional rail systems powered by locomotives which
depend on friction between the steel wheels and steel tracks for traction
have a limitation of about 4 percent on the grades they are able to climb
with a load. This requires either a transfer of materials to another
transport mode at a vertical or steeply inclined shaft or, where there is
a less severe slope, the use of some type of power assist to get the cars



up and down the grade. Two basic approaches have been used to alleviate
this grade limitation.

One approach is to provide the propulsive force to a train of cars through
electrically powered, rotating, rubber-tired wheels mounted along the
sides of the track in such a manner that they bear against the sides of the
cars. This technique, identified as the side-wheel drive, is relatively
new, having been in use only a few years in special applications. The
other approach makes use of a moving cable to which the individual cars
are attached as illustrated by the use of cable cars for public personnel
transport in hilly areas. Either of these propulsion techniques could
conceivably be used to assist locomotive propuls1on or to drive an inde-
pendent conventional rail system.

Each of these methods of propulsion (locomotive, side-wheel drive, and
cable drive) is used to identify a transport mode which is discussed and

evaluated in this study.

Locomotive Drive

Figure 4-3 shows a concept of the near-face material handling equipment
necessary for conventional rail systems handling both muck and incoming
material. The loading system concept* rolls on the permanent tracks
which are laid ahead of the car loading and unloading stations. Short con-
veyor sections are used to bring muck to the loading stations. The track-
laying area, at least 130 feet long, is ahead of the sliding floor section
and is bridged by the conveyor system. Incoming material is transported
on cars which are ahead of the muck cars, They are unhooked, left for
unloading, and returned on a later train.

Figure 2-2 shows typical cross sections for rail systems installed in
various size tunnels.

Locomotives are manufactured with a variety of power sources, including
diesel, diesel-electric, battery, and electric types. They are produced
in all ranges of horsepower and weight; and within the scope of present
technology, they can haul trains at the speeds required for the higher
rates of tunnel advance.

The use of diesel locomotives is quite prevalent in mining and tunneling
operations. They are produced in the haulage capacity ranges which are
necessary for the more rapid face advance rates. Diesel locomotives also
have been adapted for me chanized operation and automatic control.

*Developed by C. S. Card Corporation, Denver, Colorado.
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Storage battery-powered locomotives are used where the haulage
requirements are not dependent upon high speeds or large capacities.
Since the maximum speed at which this type of locomotive is usually
operated is about 8 miles per hour and the maximum weight is about

8 tons, it appears that a battery-powered locomotive system would not
perform satisfactorily in a situation requiring hish capacity transport
rates.

Electric locomotives used in underground applications are usually powered
through a trolley wire system. These locomotives are available in sizes
up to 50 tons and with speeds in excess of 10 miles per hour at the rated
running drawbar pull. It appears that this type of locomotive could be
used in supplementary haulage applications, such as for tunnel support
materials and personnel, where the muck transport is accomplished by a
continuous -flow transport mode. However, consideration should be given
to the fact that the trolley wire or third rail must be advanced with the
track extension and that there may be certain safety hazards involved in
accomplishing this, which might make the use of electric locomotives
less attractive than others,

Diesel-electric locomotives generally are produced in larger sizes than
are required for muck-removal operations. Their main field of operation
is commercial main-line hauling, and to consider their use in a tunneling
transport system could be a misapplication.

Life Expectancy - Locomotives have been known to be amortized over a
17-year period. In some cases, their general durability and rugged con-
struction have enabled their usefulness to be extended beyond that period.

Much the same can be said for rail cars. Aside from car body damage,
which can usually be repaired by patching, the major types of repairs
would be wheel and bearing replacements,

Advantages -

1. Locomotive systems are flexible with regard to hauling capacities.
The addition or deletion of cars or trains is all that is required.

2. Present technology can support maximum tunnel advance rates
on horizontal runs.

3. Adaptable to several car-loading methods, most of which are in
use at the present time.

4. A variety of material transfer mechanisms can be used at shaft
stations or wherever required.



5. Can transport both outgoing and incoming materials.

6. Easily adaptable to automatically controllied operation, and there
is an abundance of operating experience available.

7. Methods of track extension for locomotive systems generally are
less complex than the guideway extension methods required for

other types of unitized systems, except for free vehicles.

Disadvantages -

1. High-speed, loading equipment required in the near-face zone
contributes to congestion.

2. Occupy a relatively large cross-sectional area compared to con-
tinuous flow systems.

3. The high speeds (40 miles per hour) necessary to sustain rapid
muck removal rates require ideal roadbed and track conditions
as well as sophisticated control systems.

4. TUnless an inclined shaft with a power assist is used, the trans-
ported material must be transferred to another mode in order
to reach the surface.

5. Material transfer facilities require a large area.

Side - Wheel Drive

Figure 4-4 shows a concept of material handling equipment in the near-
face zone necessary for the side-wheel drive system. The loading system
is mounted on a sliding floor which bridges the permanent track, A gantry
supports conveyors bringing muck back to the loading stations. Clearance
is provided to allow incoming material to enter the forward zone.

Fig‘ure 2-2d shows typical cross sections for the side-wheel drive system

installed throughout the length of the tunnel. If this system is also used to
lift material through an inclined shaft, the installations at the shaft station
and in the inclined shaft are similar to the equipment in the horizontal seg-
ment of the tunnel, except power stations are more closely spaced.

The side-wheel drive system, which operates on conventional tracks of
about 24-inch gauge, utilizes a series of pedestal-mounted, motor-driven,
rubber-tired wheels located on both sides of the track., The wheels rotate
on a vertical axis and engage both sides of the rail cars, pushing them
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along in sequence. The longitudinal distance between the drive wheels is
such that when the last car of a train is leaving one set of drive wheels,
the first car is already engaged with the next set, thus forming a continu-
ous drive system. If used for horizontal transport propulsion, the side-
wheel drive system would require more installed equipment, both initially
and during system extension than required by a locomotive-powered rail
system. In addition to the tracks and roadbed, the drive-wheel units
would have to be installed at the regularly prescribed intervals which
could increase the system extension problems. If used for propelling
trains of cars in an inclined shaft, in conjunction with conventional loco-
motive propulsion for horizontal runs, the side-wheel drive system, due
to its ability to climb steep grades under load, would overcome the grade
limitation of the locomotive-powered system. An example of the side-
wheel drive system has been developed and placed in operation by a »
French company;* however, it is understood that arrangements could be
made to have it fabricated in the United States. '

The three installations which are now operating in the mining industry, /

two in New Caledonia and one in France, are capable of transporting from
360 metric tons per hour to 900 metric tons per hour, with track gradients
ranging from level to 38 percent. Research and development by the manu-
facturer is presently underway, which could result in an increase of system
capacity up to 10, 000 tons per hour and the ability to climb grades up to

100 percent or more. '

The operation of the side-wheel drive systems now in use is as follows.
The cars, mounted on axles with free running wheels, are coupled together
into a continuous trough train normally ranging between 650 and 1, 300 feet
in length. The number of trains in a system is dependent upon the number
of cars in a train, the distance to be traveled, the train speed, and the
material transport requirements.

The trains usually operate on a two-track, narrow-gauge system. Driv-
ing force is obtained from fixed driving stations spaced on the basis of
one station per train length less the few feet as required for overlap.
Each train is alternately pulled and pushed by each successive driving
station. On an incline, the number of driving stations is increased
according to requirements so that ten or more driving stations may be
simultaneously propelling a single train.

e
bd

The SECCAM system developed by Societe Industrielle De Lattre
Le Vivier, France.

4-14



The type of driving station presently in use is composed of two gear-motor
powered turrets each equipped with an automobile type, pneumatic-tired
wheel located on both sides of the track. The trains which run between
these wheels are propelled through the pressure of the rotating tires
against steel bearing plates mounted on the sides of the cars.

Based on data from existing installations, where the drive stations are
equipped with synchronous motors, the maximum slip variations are about
8 percent between empty and loaded trains. Any discrepancy in train
sequence, as a result of this slippage, is corrected by a regulating station.
This is a drive station controlled by a Atil_'ne relay which is tripped by each
train passing through, with the slower ones controlling the length of the
intervals between trains.

Present operating speeds range from 16 to 30 feet per second (11 to

20 miles per hour). It is expected that higher speeds can be attained with
future developments. On downgrades power is generated at the drive
stations by disengaging the coupling gears to allow the motors to act as
generators. The brakes are either of the automotive type actuated by
gravity-operated hydraulic accumulators with solenoid valves or of the
electromagnetic type. They provide for both dynamic and static braking.
On upgrades braking action is replaced by antifree-wheeling devices to
prevent rollback.

All control and operating instruments and equipment are grouped on a
central control panel. In addition to the conventional electrical protective
devices, the basic safety element is the drive wheel speed control which
is actuated by a speed detector. Any one of the protective controls will
stop the system upon being actuated. The control panel also contains
electronic surveillance instruments for each drive station,

The track is approximately 24-inch gauge, and the rails are in the 25-pound
class. In most cases steel ties are used. These act as supports for check
rails which run parallel to and above the track and engage idler wheels to
prevent the car wheels from leaving the track on steep grades.

A loading system, with either two or four tracks, served by one or more
feed conveyors similar to the locomotive-drive loading sytem would be
applicable to the side-wheel system. For unloading, the train can be
inverted 180 degrees through a spiral twist in the rails and then reposi-
tioned by another twist section. The trains are also capable of traversing
the inside of a 180-degree, vertically-looped track, dumping the loads
while in the inverted position. They are returned to an upright position
by descending from the top of the loop or going through a twist of

180 degrees.
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Cable Drive

\

The use of a cable or chain to assist rail cars up and down a steep incline
appears feasible. This type of system would entail a cable (or chain) and
car combination similar to the San Francisco system, except the cable
would carry hooks installed at intervals to engage loops on the car frames.
This would provide upgrade propulsion and downgrade braking. The use
of hooks, in lieu of the wooden shoe used on most municipal passenger-
carrying cable cars, provides a more positive means of engagement and
reduces the possibility of slippage. The cable drive system could be
used in an inclined tunnel segment while using a conventional locomotive
system for horizontal haulage. The locomotive used for horizontal pro-
pulsion could be uncoupled from the train at the time the first car was
engaged by the incline propulsion system, freeing it for the trip up the
grade. Power to move the cable is applied through a hoist drum located
outside the tunnel. One possible arrangement at the power source and
surface dump is shown in Figure 4-5,

Due to the relatively slow speeds obtained and disadvantages in mainte-

nance and operation, cable or chain drive systems are not considered to
be practical for long-haul, horizontal transport in tunneling.
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SIDERAIL SYSTEM

An example of the siderail system concept has been developed™ and
installed in a mining operation. This concept utilizes individual,
electrically-powered transport modules which can be operated separately
or in flights traveling on special tracks installed at the sides of the vehicle
modules. The modules ride between the tracks which are located close to
the horizontal centerline of the modules. The module sizes range up to

3 cubic yards, and each is equipped with a hinged, top-mounted door which
is opened and closed by cams at loading and dumping points. The power
unit on each module is clutchless and contains dual motors with horse-
power ranges from 10 to 30 nominal, and from 43 to 130 maximum.
Mounted on the support framing are 2 bus bars which feed 440-volt,
60-cycle a-c power to pickup arms on each module.

The tracks consist of two parallel, standard I-beam sections modified to
suit the type of drive under which the modules are operating. The mod-
ules run on pneumatic tires with the drive wheels riding the top flange of
the I-beam. Contra-wheels contact the lower flange of the I-beam, thus
assuring stability. For vertical travel, a toothed rack is attached to the
underside of the I-beam. A pinion gear connected to the module drive
motor engages the rack, thus furnishing the drive force for the ascent.
Thrust wheels which run against the web of the I-beam track provide a
constant means of centering the modules between the tracks.

Control is maintained by programming and monitoring system operations
from a central control point and includes loading and dumping in transit,
as well as operational condition and flight location checks. Control to the
modules is through a bus bar mounted on the opposite side of the track
from the power bus and through a pickup arm to the module control
mechanism.

Figure 4-6 shows a concept of the siderail system in the near face zone,
and Figure 2-2 shows typical cross sections for this system installed
throughout the length of the tunnel. Muck loading is accomplished by
means of an overhead feed conveyor which dumps the material into bins
above the two loading guideways. A gantry supports the conveyors bring-
ing muck back to the loading stations. For this system muck must be
parceled into loads for module loading at high frequency. The system
presented can load six modules simultaneously, once they have been

*The Dashaveyor system developed by The Dashaveyor Company,
IL.os Angeles, California.
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spotted under the hoppers. A tripper mounted on the conveyor is provided
to alternately fill hoppers on each side of the conveyor. The permanent
siderail track is extended in the areas provided along each side of the
tunnel and does not interrupt the loading process. A ramp switch allows
the modules to climb onto the portable sections of track where they are
switched to the desired loading stations. A single guideway extending
toward the excavator would permit tunnel support materials to be unloaded
ahead of the loading zone, while a guideway cross-over near the trailing
edge of the sliding floor would permit access to either of the two perma-
nent guideways from the loading zone. In Figure 4-6, the front end of the
loading zone shows incoming materials ready for unloading.

Unloading of muck at a shaft station or outside the tunnel complex would
be accomplished either by following a track up and over a loop to dump
into a hopper, or by spiraling the tracks in a manner similar to the rifling
in a rifle barrel, so that the modules would invert 180 degrees while in
horizontal transit.

System Extension

To extend a horizontal system, it would be necessary to utilize a sliding
floor similar to that used in the conventional rail concept. The loading
operation would be carried out on the center guideways fixed to the sliding
floor. These would connect to the permanent guideways by means of ramp
switches. The permanent guideways would be located at each sidewall of
the tunnel and would be elevated above the floor to permit the movable
switch sections to contact them from the underside. Guideway extensions
would be installed ahead of the switch points.

Capacity

Siderail system modules are visualized as having as much as 5 tons, or

3 cubic yards, capacity. At the present time, speeds of 50 miles per
hour on the horizontal and 4 miles per hour on the vertical can be attained.
The cross-sectional area which a single-track system would occupy is
about 42 square feet. Figure 2-2 shows this in relationship to tunnels up
to 40 feet in diameter. The weight of a loaded module is approximately

7-1/2 tons. The track and support structure weighs about 125 pounds
per foot.



Operational Features

A vertical lift application, which requires the use of rack and pinion
drive, reduces the speed of the modules to about 4 miles per hour. Thus,
there appears to be a limitation on the effectiveness of this type of system
when used for both horizontal and vertical runs, because the high speeds
attainable on the horizontal cannot be continued on the vertical. Such an
application would result in a requirement for a considerable number of
units to carry the tonnage on the vertical leg. If the siderail system is
used both horizontally and vertically, more power per module is required
for rapid vertical lift, i.e., to operate at lift speeds which are necessary
to meet system capacity requirements.

State of Development

Present technology has passed the initial research and development stage.
A siderail system has been constructed for a copper mining firm at White
Pine, Michigan. The system is 5.5 miles long and will carry 10, 000 tons
of ore in a 16-hour period (625 tons per hour or approximately 0.1 the
maximum rate in the rapid tunneling project). It will travel vertically as
well as horizontally; but the modules are limited, at present, to a
50-cubic foot (1.8 cubic yards) capacity. It is understood that further
research and development is being conducted toward reducing the module
weight with respect to payload weight, thus providing larger capacity
modules, and toward using one powered module to tow one or more
unpowered units. -

Technology Limitations

There are definite limitations in the present design of the siderail concept.
One is the module size which at the present time is limited to 50 cubic feet;
another is the vertical speed limitation of 4 miles per hour obtained under
motor overload conditions by the rack and pinion drive. The system can
be made applicable to rapid muck transport on a total concept basis. This
would include receiving the muck from the excavator, transporting down
the tunnel, lifting up the vertical shaft, and running to the dump area on
the surface. It should be noted that to successfully handle muck in quan-
tities required for rapid tunnel advance rates, the siderail system would
have to be a double-track system.
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Advantage s -

1. Guideway sections can be racked on the sidewalls of the tunnel,
or one on top of the other to conserve floor space. '

2. When used for vertical or inclined lift application, the rack and
pinion drive provides a positive method of propulsion.

3. Each module contains dual-power units, either of which can
individually propel the module.

4.. The siderail modular systemi can be combined with other trans-
port modes by use of suitable transfer methods.

5. The system capacity can be altered by adding to or deleting the
required number of modules.

Disadvantages -

1. Power units on individual modules could create a heat problem
in the confined spaces of shaft and tunnel,

2. While shaft size requirements for vertical-lift applications are

minimal, it is quite probable that other shafts and modes of
transport will be required for vertical travel of personnel and
construction materials.
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MONORAIL SYSTEM

A monorail system has transport modules operating individually or
interconnected to form a train. The distinguishing feature is that the
modules or cars run on a single-rail track. The cars can be hung below
the rail, or can operate on top of the rail by employing stabilizing wheels
bearing against the web of the rail. The car-on-top concept has been used
in some personnel transport applications where load densities of 300 to
500 pounds per foot of length may be encountered. However, it appears
to be impractical for consideration in the bulk material transport appli-
cation where load densities approaching 4 tons per foot of Iength might
be imposed by an 8- by 8-foot cross-section module and the smallest
module section (3 feet by 3 feet) which appears practical would carry
approximately 1, 000 pounds per foot of length. Any advantage gained by
elevating the transport system to free tunnel floor space could easily be
more than offset by problems and cost associated with stability.

The cost of the structural support for the suspended-car monorail, for a
given car elevation, is increased since structural members must span
the transport system and transmit the load to the floor. The higher the
elevation desired, the greater will be the cost of the support structure.

Two approaches are available to attempt to reduce the amount of struc-
tural support material required. One is to attach the monorail to the rib
sets or liners used for ground support; the other is to hang it from rock
bolts in the roof of the tunnel. If ground conditions are such that steel-
rib sets or reinforced concrete liners are required, additional load-
bearing capacity could be designed into the structural members, thus
increasing the cost of the ground support system. With the uncertainties
that exist in the design of the ground support system, significant benefits
should be clearly identified before superimposing problems associated
with dynamic vertical, lateral, and thrust loads on the difficult problems
of predicting ground forces and transmitting these forces, through block-
ing and packing, in the same distribution assumed for design of the struc-
tural members.

The use of rock bolts to suspend dynamic loads in the range of 50,000 to
100, 000 pounds from the tunnel roof should be thoroughly analyzed and
tested before being proposed as a means of supporting the transport sys-
tem. This approach appears to compound one of the major problems in
tunnel construction and might, therefore, be feasible only when working
in the most competent rock. Since more than one rock condition may be
encountered in any reasonably long segment of tunnel, contractors might
be hesitant to depend upon this method even if it proved to be feasible
under ideal conditions since any unanticipated ground condition could
cause considerable job delay while design solutions were developed.
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In either case, support by rib sets or by rock bolts, the conservative
approach would be to use structural members for transport system sup-
port which are independent of those used for ground support. This would
increase the time required for installation of the support structures.

A suspended-car monorail system can be installed to operate as close to
the tunnel roof as possible, or so that the cars move just above the tunnel
floor. In either case, this system offers the possibility of transporting
both inbound and outbound materials although the problem of loading
material into the cars would probably be more severe than for conven-
tional rail systems due to the overhead obstructions.

Capacity

Since a monorail system would operate with modular containers suspended
from overhead, it is advisable to minimize point loading of the support
structure by using smaller containers. The gross weight per module
would be considerably less than that of a conventional rail car operating
on a track laid on the tunnel floor. If it is assumed that modules with a

4- to 5-ton payload capacity could be used as the material container,

from 25 to 30 modules per minute would need to be loaded to handle the
maximum advance rate in a 40-foot tunnel. This might be difficult to
achieve. One approach to rapid loading using continuous feed from a
conveyor is shown in Figure 4-7.

To support a 750-foot-per-day advance in a 10-foot tunnel, it would be
necessary to load 5-ton modules at a rate of less than 50 per hour to pro-
duce the material flow rate of less than 250 tons per hour. Such a loading
rate could probably be attained. If a similar advance rate were to be
maintained for a 20-foot tunnel, the material flow rate would be nearly
1,000 tons per hour. This would require a loading rate of 200 modules
per hour, or one every 18 seconds. It is possible that if this time could
be reduced to about 10 seconds, a mass flow rate of 1, 800 tons per hour
could be attained. This rate would support an advance of about 750 feet
per day in a 30-foot diameter tunnel. A module capacity of 10 tons would,
of course, double the system capacity for the same loading rate or reduce
the loading rate by one half.

To achieve loading rates of the order of 20 seconds per module for the
maximum advance rate in a 40-foot tunnel would require module capacities
of the order of 50 tons each. If the empty module weight were 5 tons and
the trolley beam and support weight 1 ton over the length of the module,
the gross suspended load would be greater than 100, 000 pounds for each
module.
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In the case of a 750-foot advance in a 30-foot tunnel, if the tunnel distance
is assumed to be 5 miles and the speed of the modules 45 miles per hour
(or 66 feet per second), 80 modules would be required to transport the
load. If the speed were cut to 30 miles per hour, or 44 feet per second,

a system of 120 modules would be required to sustain the 1, 800-tons-per-
hour flow rate. Also, as the tunnel advances either the speed or the
number of modules would have to be increased.

Space Requireménts

Voo
A 5-ton capacity module ‘woul‘d have a volumetric capacity of about 3 cubic
yards. It would have a dimensional envelope about 4 feet wide by 4 feet
high and occupy 5 feet along the line of travel. The suspension linkage
and the trolley and trolley beam would add about another 4 feet to the
height. One could assume a total envelope about 5 feet wide and 10 feet
high